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l{xploralicm of Neighboring l’landary
sys~c,,~s (];xN]’S)

Mission and ‘J ‘cxhno]ogy Road Map

l’resentation  to the’ ‘J’ow]les  l;lue Ribbon l’ane]

October 5/6, 1995

(Revision A- odober 20, 1995)

(Revision 11- November 27, 199S)

}IxNI’S lntegratio)i  ‘Jean]

Objec t ive

+ 1 levclop a lon~ term mad map to:

ft .,. to explore (i.e., to detect  and stucly) ncighbori’
p]anetarv  svstcms and to characterize  ancl ima~e
J ,,

individual plands  in {hose systems”

-——. — ———————..—-———. . . . . . .. —-.. —. —— ---

S(ll(ly Cllal  {cl (1/13/95)

l;x]I]oIalicM  I Of Nei#~bc,] i,,:,  PlaIIetaIy  SystCVIw  (IkNl ‘S) llltrductio]~  ●  A-1
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Agenda
“J hursclay Mwning,  October 5

8:4s

8:5(I

9:00
9:30

10:00
10:40
11:00
12:00
1:15

Iv(’lcc}nle }:. Stone
IIltroduciory  Renmrks (’. ‘J’WIICS

II,lrorluctiou  (30 II,ih.) I;laclli

‘J’hc l~ormalim  of Slars  and l%IIICIS (30 min.) lklss

I’llC ]Iislrtl],]rlltal Challcnp.e (40 ]niw) lhwII/J  ,cgc]

IIreali

‘J’hc Space 11{ lntel  fcrol,  AcI (60 min.) A1lgl’1

1 llJICh

‘1’echncdogy Challcng,cs (30 nlin.) ‘J’cnerelii

_—-_ —_____————-

Agencla (cent’d)
Thursclav  Af[wncmn,  October 5

]:4s

2:30
3:(MI
3:3(J
4:00
4:30
5:00
S:NJ
6:30

Ground-based }IINIIcnt (45 ],lin.) I’yllcr

SuI}J,oriin~  S]Iacc  Missio])s (30 n,in.) Ik’ictllllaJ1

l{rcak

ltoad-Map  and Sununary  of l)iscovcrics lttaclli

implications of’ lhNI’S (30 niin,) lhesslcr

I{ecoIl]ltle]]datir~ll<  (30 min.) ltlarlli

Excculive  Session

ICnd of lby 1

Reception and l)imcr at Athrmwum

(Blue Rithcm MCI IItICIs  an(i Spcakfx)

-.

.—

—— —-— . .—— — ——_—  ____ .. _-. . . . .—. ______ _____ ____ ————-— .- . . ..—
lhq)lcuaticsn of Neighbcui],g  Pla]wtary Systmns (HxN1’S) llltrociuction  ● A - 2

10/20/95

I
I
I
I
1
I
I
I



-.. ..———

.—. .—— ——— —.— .—— .. —. ——. — . .

Agenda  (cent’cl)
l;riclay, Oc[obcr 6

8:30 l)iscussion

10:15 Brcali

10:30 OLItrcaclI,  IMucaliml,  Adwmcy (30 min.) Brown

11:30 ILxccwtivc  Srssion

12:30 1 milch
]:15 1,21) Visits (opiioml)

●  Micro l’recisim IIdci-fcrmwlct  ‘J’rs[lml

●  lnfrawcl  Telcwope  ‘1’cchlmlogy  ‘1’wthd

●  lnlcrfcmmckr  ljahoralmy

.

Rc}acl Map 1 Mvelopment  Approach

+

+

4

4

4

11~} Requested  J1’1 ./lilachi to clcvclc)p a ]oarl ma]> and to have it
e\7al[latcd/rl~ oclificd by a IJIuC Ribbon l>allcl~l’c)wnes
JI’1. forlncd a JI’1./S”l’Scl l’cam (C’. llcicIlnla~d and two
com~wtitive]y selec[wl Teams (R. Angel and R. Reasenbcrg)  to
independently develop and assess key elements of such a Road
Map
“I”he above inputs were integrated into a single road map by an
integration team consisting of Icsca]chms  ffcntt univmsiticsr
inclustry and fcdelal  labs
“J’his draft road niap is being presen!cd  today for review/
cwaluation/  nlodificaticnk by the l{]ue Ribbon l’anel
‘J’his activity involved 13S researchers flonl  53 L]lliversities  /
Companies

———.. ——— —.e.  -. —..  — ———.  -—. e.-—.

lk],lo]aticnl  c)f Neigldmrillg  Planetary Syste]ns (lkN1’S) ITltroduc[io]l  ●  A-3
10/20/’95
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Road Map IXwdopmcmt  Approach

tiA<4
II. (ml<],,,

.  . . _ -  ~

.

.— . . . ..- ———.  —---- . . . ..- —.-— — —.. — —

-——. — .— —— —..

Roac] Map integration ‘J ‘cam

Q (hi Ics l:.lachi  (Omi~)
● ko~,cr  Anyl
. Chm Jlcicll[l]arl
● Ala Ii Boss
● I<ohcr[  Flrowll

t s Alai) )) ICSSICI
. l,r~,c]]mn  l)ysori
c Jmms l’anson
● (“hrist  Maclas
● 1 .awvcricc  C,oad
● Mik Klci[l
● Alai n 1,ew
● Ch<lrlcs  1 .illic
● StaII  Peale
● I)cmc  Pe(ciwm
● Bob I<c’?wllbt’l :,
. lkt~id Safldlct
● M ikc .Sh:m
● Rickrrd Si!uon
. Ik)r]tcnich- “1 c]wr~.fli
● IMvid  Tylicr

J[’I
Unim>iry  of Ali?orm
ltlfratcd I’ruccs$irlg & An:ily$is  Ccvkr
Grn[cfic  IIls[iloliol,
Space ‘1 clescoj)c  Scicrlcc  Ins[
(kl!l CFiC Ohscrwtory. l’amtcnn
Irlsli[u[c for .Ativanced Smdics
J] ’l.
}lrrghc~  IMnbory Optical S’ysknif
IIck O1,lical  Syslcr[l<
J1’1
L!l!ivcrsily of Palis
I’RW
U(’s}:
suNY-sIony B1ook

IlaI v3rci-S][!itllsoni:3t]
‘1’tlc’llllo’l[cx
J1’i
liRAO
1 .ockl,ccd-h!rtl [ir,
(;(’s1)

-....—- .— - -. —. -—-— .—.. ——— .-—... .—. — .. -—.. —.-—-
l;x],lorat  icm of Neighhorins  Planetary Syste]IK (1’xNl’S) ln!rociucticm ● A - 4
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Key Guidelines from NASA 1 IQ

+ “1’0 explore and characterize planetary systems around the
neighboring few thousand stare wit][ the ultinlate  goal of
imaging  IiaTth-like  planets

+ Ihwelop a sheamlined  road map with specific focus cd direct
detection and spectral cha~acteriz,ation

+ ] leve]op road map with a continHoLls flow of scientific
discoveries and technological advances vs. a sinfile event in the
far future

● I>evelop  a road map that capitalizes CM I other planned activities
such as SlR3”J~,  JJS-J’, A1h’J, 11S1”  follow-on, etc.

+ Road map shoLIlcl cover  missic~ns,  technology arid  ground
ol~servations

+ llxplole  every possible technolc]gy

+ l;e visionary but fiscally realistic

—. —-— . .. ——— —. ..- ——— — —— .. —.... ——. —— ——— — - - — . .  .——

-—— ———_——.. ——. — . .  ——.- —-. — .-__ .—. __ —. —-— . .

SOme Recent  }Iistory of the Program

+ 1978 “NASA Workshops cm Grouncl-13asd
‘J’cchniqucs  for I)etecling Other  I’landary
Systems”, 1). C. Black  (1980)

+ J 984 1,. Allen (]1’1 IIirector)  selects extrasolar
planetary cletcction as a k~y objective of ]1’1,
Ilirector l}iscretionary  l;nJlCl

+ J9&S NASA forms ‘1’01’S (’J’oward  Other l’lanetary
Systems) Wcmkinfi  {;roup (’haired  I)y H. IJurke

+ -J 989 NASA starts Ori~ins S]{”J’  l’rogram
+ 1990 Nl<(’-(:ornplm l{eporl on “CMher  Planetary

systems”
+ j 992 3’01’S  l{eporl issued

_. ———. —.. ——— —. —.— — ——

.——-— — .—
1 [x],IoI at i(n I of Nei.ghboril L~ Planetary Systems (1 [xNI ‘S) llltJcJclucticnl  ● A - 5
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%me Rcccmt 1 lisior)7 of the l’rogram
(Cent’a)

—-.. ——. .

Acquire “family portraits”
of 150-200 possible
planetary syslems  in ou?
IIcighborhom]  of 13 pc
(-42 ly) sphere  (1 000 stars)

brightest 50-1 /10 of the
ddectd planrtary  systems.

“[ “:}y-’\;pL \ .V ““
(,{,  ,,, ,, !,,>,>,, ,,, ,,, ,!, ,,, , !,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,, ,,,

ldcntify ]{arth-like  planets  .r[ .!”; ,, ;
I #!./ ~

IIttloc]llclioll  ●  A6
10/2(1/?5
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+ A robust  program in adva]}ce  of major space
mission will answer key scientific questions:

t+ NASA has opportunity to enable  dramatic  advances
in Cletc?c[ion  of planets

● Years  of low-lcwe] fundin:,  (NTSI, lJnivc I-sit~,  . . .) set stage
for ncvv Ciiscc)vmic%

~ lntcrferomdry  and associated technologies are
cenfral for achievin~  I{xN1’S  objective

IIx])io]a[i(n, of Nci~,lll>c,rill~, l’lanc[a Ty Sys[c]ns (HxNJ’S) IIlt[cdllc(ic)]l  ●  /’-7
10/?()/9:)
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KrJ7 1 ‘indings (’J ‘cchnolog}7)
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lx})loratio]~ of Ncighlx,riI~~ l’lanctary Systcnls (} IxNI’S) llltlocluc(i(nt  ●  A-S
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],XNI’S

311c l;ormation  of Stars and l’lands

1{110 Ophiuchus

The }ollllatioll of  stilIs  allcl 1’l:IIICM ●  1;-1
10/?()/95
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. . . . “ . . .. —-— —— ..-.. —---— —.

Stellar IMsk and Jd Motion

——-—. - .—. .. —. —-. ——

.. ——— ——--— ——— ———. —- . . .. ——. —- .. ——— —-— . .. ——-— —- ———.

Modern 1 ka of 1’1 and l;mmation  ‘J’hcxnw
J

--———

._ .—— _ ..—.  — ..- —. ——_—. .—. —-. .. --_-—
AtMlll141YA  F..il, tc 5:s<

IF..117[I1  Flflb:l  20,11 1.!1,<1 C, Y. S1l\!I1>, A

),’. d(l!!j 0, %,<,*  < ..!  t),. (1SS1
sk,,,, d:  1,, ,,!,, [, ,: :1,,  Fh,., c< <,{ 1!1, k$r.1

v .s. Saft ollo\’

.—— — . .. —— .-— —.. .—. —.. - .—. . . . . ..— —— ..—. ..—
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SC’qucm of };vcnts in
‘1’crreshial l’land Rcgicm

St?qucmct? of Iivmts in
Gian{  Plane{  Region

.
TJIc l;orlnatio]l of Sia IS aIId l’lallct~ ● 133

10/?()/95
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(~o]]isiona]  Accllnlll]a{j[)ll  jll t]lc

inner Solar System
,.>, ,m, .=’7

“’””[  , , ,  ,,

4. .
I

icca \
‘h

500 ~

[1 1
0

——

I
I
111;1;1

I

\,c!’,c’d S!elt:,r  rl,x..~,w.

“1’.1

2 4 L 8 10
Fladius  [AU)
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SOme Key Qucsiic)ns for [he “J’hcory Of
l’]andarv l; Ornlatiml

G

e

6

c.

4“

}Iow prevalent a~c ~,la]lc[aly syslcms  like our own? 1s thmc any
mason to believe  that the fo]jna{ion  c)f our Solat system was
ullusua]?
Arc jupi(cr-mass  planets rare? 1 JO protop]ancta]y  disks
generally dissipate ]U io! to gia]l{ gas planc[ fornl”ation?
ATC Nep[ullc-nlass  and Iiar[h-mass  pla~lcts cmnn~on? lIOCS
plalletcsimal  accu]rtulation inel, ital~ly lead (0 ihc formation of
rocky inner planets like ](arth anrl icy outel planets  like
.~f2J)tLlIlC?

Cal) ]Ilanets be dc{ectcd irl binaly  or multiple  stellai systems?
On what mbits  do they Occ LIJ?
What are the physics] propel tics (c.:,., clrnsilyr tcmpcra[urc)  of
proto~,la]leta]y disks? I]OW do they CVOII,C? JIOW CJO tlIcy
dissipate?

—. —.-... . ..— —. . ..—. — .-. —.. —.. — .—. — —

IJmt-l; it Residuals of J’UISC Arrival T’imes
l%lsar  1’S1{  11 1257# 12

.!.: ! ,,, !,,,,’  ,,:
c , !,’ ‘., ‘*.’ 2,,  , .,

——

- — . . ._--. _r .__ —_____ . _________  . . . . . . . _. -. .- —— . ..—
1 ,XIN1 ‘s ‘ 1  lIc };c)rjrlatiml Of $iars allci l’laIIets  ● 1;-5

m
10/20/95”
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],xNI’S

——..——. .—. —... .—. . —.—

(.)vcm’iew

$’ “1’his presentation provides the basic concepts for the
I{xNI’S program

e

e

e

o

.  .  . . - _  — —  _ _ _  .

What stellar po~]ulation is beins ta]~c{cd?
1 0 0 0  stars Withil]  about  13 patscics  or 42 li~,ht yea15

What is a planet?
mass, a]ld  orbit

Wha[ is an larlh-like planet?
Hlass, size, atmosp}lc]c

W7hai  arc the sip,na]s flom I>lanc[s, tile techniques to ohe~  ve
thcln, arid the information tl]cy cortvcy?

cffeck 0]1 the shl (illclilcct tcchlliques)
planetary ]actia[ioll  (dilec[ tccllr,iques)

3000 Stars

+ “J’he nearest 1000 s{ars  comprise the primary search
space  for planets

* lar~,es[  ast Ionlehic  clis})laccmcnis
~ Greatesi  separations for clirecl imaSin$
o Mosi li~hi  fc~r direct ima~,in~, and rac]ial  velocity

measurements
Q 315  ]< IIoM711  s~ars  Wi[llitl 10 pc (13 new since  1993;  24

candidaics  in 1995)
@ 4 A stars, 6 }; stals,  22 [; stars, 47 K stars, 219 M stars, 17

white dwarfs
0 60% of C; siam and 40% of h4 siars are in binaly  sysic]ns  with

sc]lar-syslcrll -scale orbits
* 226 siellar  systems

—
‘1}1(’  ]llStl’LllllC’Jlt~]  CIEIIICII:>C  ●  (’-’2

1 0/20/95
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3000  Stars (cwnt’d)

+ The inventory of stars is incomplete beyond  5 pc
~ I;ktimatc  130  “miss  illp, ” sysicvns  withili  10 ]JC, mostly  M

dwarfs
e With multiplicity,  expert  500  s[ars i]l  30 }Jc or 1000  w i t h i n

33 pc

+ ‘J’he  1000 nearest stars  have a special place, and
should  be studied intensively to cle{erminc  their
peculiar  properties as {hey  may influcncc  and inform
planetary searcl~es

o Ages (Iulnillosity of cooliylg :,as Siant  planets)

@ Stellar activity (velocity  fields ant] photo ccntcr
ciisplaccmm[)

* Roiatioll  periods (inclination 10 the lille-of-si~i~t)
a (’ircumstcllar  clusl (cxo-z,odiacal elnission)

1 (m stars (cc)nt’d)

80 - -— .——. ‘–. T ‘---–V ----

‘:::: ‘
70

. . . .. M.. * .. . .
. . . ...e.
:%J

0015 h!c,  /p<~
60

STARS  WI IHIN  10 PARS[CS
. . . .::::

N. 315 :%
::::50
. . . .. . . .. . .. . ,

ti
::::
. . . . 0010  M,,IPC3

:: 40 . .+.
: 0 ytJ

. ..0
:

. - .. . . .
?; 30

:...
m :%
-! . . . ., . . .
5 :..:
0
+ 20

II

.${  ;ij

3’;w- ‘W;  “’’’”< 3

1> ‘ ..-.

$0

II%

;7 g ,;.,
):(j : yJ :! ;:

J - J  “~ : .lM...  L__o .8
ORAF

,.,,,,
SPI  CT  F,AI  lY1,  [

——. —

—.——. -——..—— .——.  — .--— . .——-.
I: XNJ’S ‘]”]1(’  ]JIStt  L1111Cllt21]  ~’jl~]k’1”1~~  ●  ~’-~
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Whaf Is A l’lane{?

e Circular, coplanay  orbiis  are the signature
chraclcrisiic d plal~c{ary  sys{cms.

4 I )LIC to viscous CIampinp,  of ccceiitr icit y in the pmioplanclary
disk

~’ All Nxhl J’S search techniques except  the micmlensing
survey- --diTect  and indirect- will determine orbital
shapes, orientations, ancl alignments to certify
“planetary” status

PI andary Systems

e Oiber planctaly  s y s t e m s
shoolcl be flat and
cilculat like the Solar Em#.m mm
Systelll. T Ilis is becatlse 1 [’- O.varf>

the viscosity of the
protoplanetary  disk ,..
sl]oolcl  damp  cccerllric, ::> .’:
inclind c>rbik.

‘ . ,  . ,
< 05- ?, ‘“
ie Mul t ip le  s ta r  sys tems-  ~,

I J...
Solar  System FYane& . . ..’!

includinp,  browj]  dwarf
s,

/) ‘. ..,.
conlpanicms-.  ciispiay  a “.

,!
wiclc  rallp,e  c}f $ Q’ ~“+  “ ‘

. .
., “ .,

eccentricity. 1 , 1 T 1 1 1
/ .,

+ 3’o learn about  planel log  {t/2til\r\)  (SIIII-  0)
fo]loin:  in tbe ge]leral
co]ltexl of star formation, Adapt  ...{ fro,,’. 11(,’,,,,,  $,1(>)  , A , .,>CI  M.,  ) ,>,,  hl  (I W:!)  . 11, to,!><::,  Or

w e  JIIUSt  study tbe S012!.1 ikc 5Ltr.  ir, ti,c !x>l,,  t Xci;;  1,[, <,t,  rl)c>c,,l  , In {,,... Ir8

kinematical structure c,f I,r(hedtny..  of  !h.  YI  I urop<ar,  l(rj:io,,  a[ .4.(rol)on,  v Ilcctin::of!lt<
lib, 19$$,.  (1 d >1 Y’mqw,, [ .I!,,’hli’l:,c 1,,,,,8,,1> 1,,...,)

0[1 ICI- plal)ctary systel[w.

-——————.____.—_._—.——  ._ —___ .._ _____ _________  . . __ __



l’lands

I’laIIcts accrclc ill disks,
whereas stars and brcnvJl
dwarfs  ccmclcnsc in
collapsing?, mc)lccu]al
Clc)ucls. <,
Slllal] or mature p]altels  , ’
reflect star light mainly, 3
and they are 1]01 or cold
drpencling ml their !-:
distance from the  star. ~:

1 ,ar~e g a s  p l a n e t s  (fiIIcl  >;
b~  0W711 d\va I fs) emit
excrss thcrlllal  radiation
due  to ~ravitational
contra  ctioI1. At all early
a~,c, this class of objects
can be quite Iull]il)ous.

I ,’
,r”’

p. .? ,,-.. .-.,  .,  ,- *.’

,,

,;
r, [l;  ,,11

.:, :/ ‘, :,2 ,.-. ‘ ,, !

1(,;)  Ma.  s !L1.lp[!w=  :,)

Solar System ll’l UXCS from 1() l’arsccs

Spectral energy distributions of plands  have two
c o m p o n e n t s

~ l{efiec[ecl sola T radiaiim:
-stellar flux X albmto X rarliusYorl~it2

~ ‘J’hcrmal radiation:
-B (1’cff, k) X radiusz

l>irect detection is

more  favorable in
thermal than in
reflected light

0 1000x more
favolab]e  star/} ~lanct
flux ratic}

--- --.=-

.,, .,! ..! ,, .,,.

.—. .—. —— __. ——. -—. — ..-- ———  —- ._—. .. —_- ._— _ .—. —- ._ —. ———.. —-— —
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I,xN]’S

‘“ Mars,  Earth,  allcl Venus arc all “1 ;ar[h-likcr’
({c’m?sirial)  planets

e

G
0

c

.Small si7. e and mass compared to gas giants
Ail>~cJs~lilel  iclllasssl]~all  com~)awd tosolirlbocly
Solicl su?facc
Various al beclos

MaIs (.17) clilt
Ial[}l  (.33)  cloud L’Ovcl,  [Iccalls

Vcr)us (.71) cloud co\(’!

_——

What  i s  an l;artll-like l’land? (ccm{’cl)

—

.—

‘l Jlc Illstl”  Llll”lcIlt:ll (Ilallcllgc  ●  (.’-6
1 ()/2()/95
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Whai  1s The, Habitable Zcmc.?

1 ,iquid  wa{er is be]icvccl  {0 be advantagecms  for the
emergence of life

Surface temperature between  0 and 10(1 C defines
habitable zone  for 1 atmosphere surface pressure

‘1 ‘empcraturc  cldcrmind  ‘c
by ba]ance  be{\i7ee11

Stellar  brifjlincss
I)istancc  from star
Albedo
S{MVIS1]l  Of greenhouse
Qffccl

0 3 6 1

l’]anetary  Atmospheric Spectra

2s0

240

200

280

240

280

240

200

160

1 r
‘ ‘ ‘ ‘ ‘ vC[tLIS

-LAP  J’--VC02
l--h

6

I
1! 11!
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]’lane Search Methods

\-- ..-..* ~- . . . . . .. . . ~;.>  :::, ( l:idi~l velocity
,. . .- . ..-. . . . . . . .

lndirecl

I
I hlicmlcnsir,:

\

l~ilccl

Ilctcct  dopplcr
Sl}ifl  Ofstcllar
Sp[, c([c,

I’h[ll[)l,  w[, y

l’h(lkmkctlj

Scr,8i-rr,ajur  alis
} ccclll[ici!y
lllclir>.3[i  L111

S i f t
1 c[,ipcr<l[urc.  (ii{)
<’olr, [,miLiolt

Astromdry and Radial  Velocity

+ As~r~m~fry  and radial ve]ocity  record two faCCtS Of
tile same plmlomcncm: the reflex motion of the star
orbiting  around the barycenter

o l$[>ih  teclllliqucs  can quickly discover the existence of a
planetary syslem by ctctcc[ing a simple acceleration in a
fraclicm of an orbital period

Q I;oth {Cchniques ~equil-c  mlll[iple-c~lbil  observations 10
discnlanglc  a mul[i-planei  syslem

4’ AS&o]~~Cfry measures  [he shift in [hc SiaI’ pOSiiiO1l

With the-stellar mass (spcctt al iypc) al~cl distal;  ce (pal-alla  x),
[he plancf mass and semi-major axis can be compu{cd (see
graph)
Orbit eccentricity is also determined
Nloise floor  is set by star spots ( 1 micm-arcscc  = 0.002 solar
radii @ 10 pc)
I$40re mass sensitive 10 wicicl, longer pcviocl orbits
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Astromdry and Radial Velocity (cwnt’cl)

e

e

e

*

inclination musl be estimatecl; wilh staT ~nass from spectral
type, the planel mass and semi-major axis can be computecl

orbital eccentricity is also ctcicrminecl
Noise flooI is scl by s(cllar  velocity noise (1 nl/s = 5m
p-mode  and 0.1 % s[alspot shacling of rc){ationa]  velocity
field)
Mom sensitive to smallm, Shorlel pmiocl olbits

@ {)n]y astroxnefry and radial velocity can dclmmine
the pland mas; directly

0 Astlomctry  achieves this withoui thr arnl~is, uity of the
inclination anglr

~ Radial velocity measures nl/sill i

Astrometry  and Radial Vdc)city  (cent’cl)

4

4

I{arlh-mass  planets around solar type stars  are an
orclcr of magnitude belmv  the expected stellar noise
floors for both asircmetry  and radial velocity

Ground-based observatories can exploit both
astrometry  and radial velocity to the stellar nc)isc
limit

* 1 nds with 1 O-m telescopes
~ 100 nlicro-arcsec with 1 O-IIJ tclcscofws
* 10 micrc}-a?cscc with 100-nl baselines
o 1 micro-a rcscc with 500-111 baselines

‘J’}IC ]]ISIILIT]-ICI)[ZI] [’]I:I]]CI1:,C  ●  ~’-g
10/?0/95
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Solar  Wobble in 65 Years
(1’ole-on view from 1(1 w)

indirect 1 X4cciioll of other 1’1 Zlnets
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Micmlmsing By Star With l’lanct
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Micmlensing

~ <;r~vjtatj~na] ]ensin~ is now a familiar astronomical
phenmnmon- stars,  galaxies, and clusters of
galaxies, and scales ranging from galactic to
cosmological

G Sfar-star  ]ensing events  are now being observed at a
m{e of almost 5b/year

~ “J’yp ical amplification c)f 2-5 tilnes
0 ‘1’ypical duration c)f 40 clays
0 lline-of-si@t  to L}lc galac[ic bulp, c is Tichml ill Opportunities

-- ——— —-—

——. ———.-—. .- ——
l:xN1’S “J’hc IIlstrllll”lmtal  chlllc’ngy’ ● c - 1 1

10/20/95



Nlicrolensi]lg  (cent’cl)

@ secondary evc’nts  can C)ccux (1UC f[) plmts of the lens

star

~ Can be a large  cffccl even for low-mass planets
* IJCS[ planet position is ncal liinstcin  rin~ (1-4 All)
~ Occur when ci[hcr  of the two movin~, lcnscd inla~,cs

a]>proaches the pland

~ I;~7mts shor( (2-40 hours), coJn J)lcx, and spiky (dLIe tc)
caustics)

* J’lanet mass and separation can be clctcmnincxl from the lisht
C(II \’c

‘$ h4icrolensing  events  are one-time,  no follow-up

~ lkh~]%  microlensing  survey can dc{cd liarlh-mass

planets from the gnmncl,  bdorc building a space
system  capable of inla~inp,  them

—. ——— ———. —-.-—-.. .-—-. ——- .——-——— -- ——--—. ———— ———

— —— .-. —. —-— .—— — . . . . . . .-—.  .-— — .. —- .—..  -— .—— —... . . . . ..— —. .——

“I%eoretical Model  of Lens Star Amplification
(0.3h4~Ll,l) lens Star at 6 kpc

~. —:. .— ~ ~.. i. ; ; ;
I ,,! l.! , ; l -

6
Ar,l~~l!f,catio,,  by
J1]~llC[  111 k’lWill~  7[111(’ 1 larll[-r)la<sF,l:\]lcl

s,
.+:

3~- 4~.
0.

5

2

,[ J ,,!  ,, I

-1[) “ -5 n 5 1(}
1 )Cly>

Fr<m> Ikvmclt  and  WC, 199:,
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Ilirect imaging

~ I)ircct  imaging is the best pathway 10 discovering
then s{ucly;ng l“hdh-ljkc  planets

~ Nltls{ isolaie  planet light to study intrinsic properties
lh?ough spectroscopy

@ Unrmo]vecl (l-pixel) images of planeiar~7  sys tems
will  l>e exciting early results: p]aneis shown “orrcry”

+ Ilirect  imaging systems must have  sufficient angular
resolution ~cr separate the planet  and the star

D l~oI- J ALJ at 10 pc, charactcris(ic  sim is (W ilm) me[crs
$ ]n the ] ]{, break u]) {he al) Crt Lll C (intcrfcromcter)

collcc[inc  area of filled a]>crlure is not rcqui:cd

——. - .——

because

.

IIimct imaging (cent’d)

‘$ Although planets are intrinsically faint sources,
reasonable collecting areas can detect  their signal

Q l<ey challcn~c  is star-to-planet brightness contrast
-10[~  visible
-106 infrarecl

0 ~]jgh l>ac]<qrotl~~d contrast prob]em.
e

e

e

e

o

Telescope 11< background, climina[c(t  in space by coolins
Solar system 11< Focliaca] emission, escaped at 4-5 ALJ

Abcrratcct  starlight, correc[cd by adaptive optics
l]iffractcct  star ]ight, supp)csscd  by ]:ourier fcchniqucs
lixo-mdiacal  ernissic)n, a pool]y qL1antifiect factor

‘1’}lc ]Ilsfrl]]]]cntal  C’]la]lcjlge  ●  C’.-I3
10/20 /’95”
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llirec{ imaging (cent’d)
Resolving  liarlh-sizd  l’lands

~ ‘1’he  interferometer needed  {0 resolve  a]~ ?iarlh-simd
planet around another star is 105  times  larger than the
me neccld to cliscovcr  it

@ 10$  = 10 pixels across diamc[cl  X (101 = 1 AIJ/lkrth diamelcr)
~ 1000 km baseline
~ Iiew star nulling  scllemc woulcl need to be invclltccl (steliat-

ctisk rcsolvecl)
~ Not ruled out by the laws of nature, but not co Ilsiderccl

feasible at the currcni time

——— —... —.. ——. —.. —

Resolving IXstant Planets

lntcrfc]omelcx  l<cquircmenls
Area Baseline

1 IL 144,000,0001112 300,000 kill
Vis. 1,296,000,000 11)2 5,000 km

11{ 640,000 m? 24,000 kIII
\7iS. 5,760,000 ]]12 1,200 Ial

.——. -— —.. ——— — ..- ——. —. ———-. -—. ——— ——

.— ——— ——— —.—
]; XNJ’S ‘HI(’ lllstrllmcmtal (’ldlcn~c  ● ( ’ - 1 4

10/20/95
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Resolving llistant Planets

lntcrfrlolllctcr ltequircr]lcnls

Area lklselillc’

11< 1,024 111? 6,000 1<1[1

Iris. 9,216 III? 303 kill

1 lZ (j,] ,],2 2,400 ]<111

~?is. 576 IIlz 1?0 km

—
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The Space lnfrard interferometer

lbgcr Angel

University of Arimma

— .- __ ._. —— ___——————

Direct Detection };rom Space
What Arc We lxmking lor?

e l;ind out if nearby stars have habitable planets

~ Use  1]< photomdry  to find size  and temperature
@ ~;et Orbi{s by c]irect ima~ing  (re]ative]y  fast)

+ Search planet spectra in 10 !im band for

1

I

>., p!,,

.—.—. —— ——. ———
I (X?vl  ‘s T])(’ Space IIl[ral’cci  lllteI’fct Orllc’tc’l ● 1 )-1

10/20/95



l’landary Atmospheric Spectra
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Ozone  I’races Oxygen
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Prdistoric Oxygen  fhncmiration on llarth

.L.

. .<’

~“ 1

1 [)-2

~o.?

,.-4

,.-5

‘r “1 I 1,1] ‘“- 1[1

,..13 j, w Abuz,  danl  l>hytoplanLtc,n

F T-’wcds. . ...1
3.5 2.5 1,5 0.5

1 an,.  before PCLXCII1 (Ga)

I

I
1

- 10 -1

—-—-—.——.—. -_—— — .

OLlr So]ar  System  Seen ~;rom A ]>istancc
Model at 3 Opm from 10pc

1 ixN ] ‘s “Ihe  space lnfmd lntcrfcl’ometcr  ● 1  )-3
10/20 /’95”
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A Search I;or l’lands Must Allow l~or:

~ ]’ossibi]ity of nlultiple  planets
o Several p]anc[s of sinlilal  10 pm brig, htllcss,  as in solal

Syslmn.
@ J]jffllse ~~ls~ e]lljssjo]~

~ ]nlegratmt mitiacal  emission irl solar system is 300 x brighter
than l:arlh,  mostly within 1 AU.

@ But expect tllc unexpected
- Any cleteclablc planet wil 1 be interesting (e. g., self luminc)us

gas Sianls  like Jupiter  a]ounrl the mc~st populous  M stats)
0 ‘J’elluric planets with stmnr, ~1 1,1 (7.6 ~lm) c)r N’113  (1 0.5 ~Lnl)

—.——.—. —.. -—— —.— .. ——.. —... ..—. .—. . ..—. — .—— —. .. ——. ——— —— .. —.. .—— .—

—. .—— ——_— —— . . .. ——-.. .—-—-—  —. —. —_— —_—

Survey Nearest  1000 Stars IFor Planets

@ Best candidates for habitability
● Star type

similar lc) stln IT- K2
4X brighter to 4X fainter

* C)rbita] distances
- Match solar  ccms[ant

0.5 AU 2  AU

e 72 optimum candidates
S I stars
44 (; stars

20 rarly  K stals

Q >200  stars are good general candidates

. ..-. —— .—— —. ——-—... ——. —— .--— —. .. —--- .--. ———. —.-—.  ———— —. —————.  —

— —
l;xNI’S ‘1’hc S~)acc IIlfrarccl lntcrfcro]ncter  ●  I  M

10/20/95
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lnstrummt Performance “~argets

4 SC.IISjtiVjf~  {O ana]~z,e flux  f r o m  an ]:ar[h 011{  to 13 pc
+ J<es~]~l~j~~~ {0 jso]atc IIabjtab]e  ~>]a]le~ light fl”Olll the

star at maximum clistance of 13 pc
e 1(2 star 2 AU = 0.154 arcsec
* G2 Stal’ 1 All  = 0.077 alcsec
6 K2 star 0.5 AU = 0.038 arcsec

6 sl>ec~ra]  ball~l~i~th  - 7 to 17 p~]l ]lccdcd  10 detect
strongest molecular fcatums

G C:C)Z absorption is 2.5 pm wide (I;M7JI  N4) and 40% deep
* Oz,One feature is 0 . 5  ~[m wiclc  ancl  .- 25% decI>

~ Water is  2 pm wider  low ~~hoton  flux
* Note: methane requires XIOO bcttm sensitivity/ruolution

0 spectral  resolution
~ )JA?V ~ 20
e Si~nal-10-ncrise  20 needed  for 50 clctection  c]f oz.onc  and water

— —— -— ——.——

—. —.—— ———. ———---

lnstrumcmt  Size Set by lliffractim

0 I>iffraction  at wavelength h and required angular
resolution ot together set scale size S

s = Xlu
S K k /0.03S arcscc

S 0: 40-90 m for ?. -7-17 pm

~ l’he actual size might be greater than 40-90 m, to set
very strong contrast {0 su~>~mcss star

F:”--”-’

Scale size is too lar~c for filled aperlule.
Inter fcromctcr  Is Teccmmencteci

L..—-––  -–——— . . ..—–.. –. —.—.–  ——--—-...——.—...—. I

— - — .——..  -—-—— —.. —.— —.—. —

—-———
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Collecting Area Sd by Pho{on  Noise

~ Problem is photon noise  in background

—

. ..— —— . .. —- ——-—  ——. ——— —.- ——-— —— --—— .—— .-. -- ——— —— ———— —-——-——.——

Sicps  {o Minimize Nonsignal  Photons

I
I
I
I
I
I
1
I
I
[
I
I

I
I

I
.—— . . . .—. —.—. .—— — ——. ———. — -—————— ——. . . . I

]; XR1l’S The Space lnflard ll~[crfcrmncter  ● 1 )-6
I
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Steps to Minimiz,e Nonsigna]  Photons
(Cent’d)

e ~)~>j~c[ivc is to suppress the three  controllable
sources of background emissions below the level of
{he mo-zjocliaca] emission

0 If {~~is  o~>jcctive is met, a collecting area of -71112 can
overcome photon noise  from the exo-mdiacal
emission from a twin of our solar system  at 13 pc

_. —. ———.  —- —. ———..  —— ..— —.—

Summary – Practical Design Requirements

@ Use interferometer

+ -70 m interferometer baseline to resolve planet/star

+ Opcratc+ at 5 ALJ from sun for dark 10 ~Im sky

@ Cold l.$m mirror elements give adequate signal

[

—-—....—...—————
it photon noise  of cxozrodiacal c loud

1

~ -3/2 day il}tegratioll  will  give image
~ -.45  days illtegratiO1l  for spectra

———..——.———..—.—— .——. ——--— .- -— ..- .— ---
@ interferometer requirements

~ Ned to supprms  siellar  emission
o Ned to avoid systematic error from non-c i~cula~ zodiacal

C]{)Ll~S

● Need to dis{in~,uish multiple  planets

. . . . . . . . .—— ———. .-. ——. _—— ———. — ..— _—— —

. .. ——___—  —c -———-—. ——.. —

IIxNI’S ‘1’}1(,  space  Il)fraK’d  IIlterfc’1omctc’1  ●  I )-7
10/20/95”
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Evolution of lntmfcrometer Designs
IIracewell  TwO-I-ilemcmt Nulling interferometer

@ Mirrors superpose achromatic WaVdrO1ltS  with  7T
phase differences

~ Summed amp]i  ludc
is zero  across  pupil

~’,‘ J

all,,
~ Airy patterfl  vanisl~cs 1,1>,,.

~

for point star on axis , –- . . . . _ _ _ _ _
6 Signs] from off-axis oh

‘1 NrF / ‘2*”-< ~,
planet is {transmitted
(A ]>]MSC =/ 7C) 11

+ l;ringcs  are on Ihe sky and 110{ in focal plane
+ Spills  abou{ axis to star

@ Star remains in ccnllal  null

~ Planet signal is nlodulaicd  as a function of 20 (twice the
rotation an~lc)

“ f;r’lccwll,  1978.

.— . . . ..—— —.—

______.—— _.. —.— _ — — — _ — .

l;vduticm of lnterfermndcr IIcsigns
Nulling  lnterfrwometcr

@ Problems with two-
elemcnt  nulling
interferometer L[W

l.l:inite  stellar disk is
8

*.!*II fr,.  lnt<h  c.<<.!

not fll]]y suppressed Brj#,  t,l<..

i!ili

b-s,,,

- IQull flinp,es  t o o
s h a l l o w  allcl  widely  -

,m,b, ‘k *C:::::spaced
e

2. l{xcr-mcliacal
emission is not /

Y/

\
suppressed

Fllipiical  cloud - -

<

-.%%
~ives  20 signal as 0“ ..: .>
fringes rotate (same ------
as a planet)

b,
f b

.. —... ——. ————— .—. —.-.. ——-. .——  — .. --— __  ———__.  —.  —. -— —- .

-. .——.  ——. .—. —.. —.. ——— ———-— -—-— .—. ——-—  —— .—— .——.

I

I

I

lixN1’S ‘1 he Space lnfrarcd lnicrfcromcter  ● I )-8
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OASIIS blCe@
(Univ. of Arizona)

0 ~~~l]]ing inicrfcromcfer
Wi{]l  4 e]cnlen{s  in.]i]lc

+ I ,il~ear fringes  [)11 the y ~ ,*TY ~

sky -— all planets pass 0>4
throLlgh  maxima ~ 0,

<14
e C~entral  n~l]]  is wi~c

and very deep

@ Itotates  like l;racewell
interferometer

_—— .—

Kcy  l~caturcs of OASES  Concept

+ lnterfermce  null much broader ancl clcwper

0 Siz,es  c]~oscn  to place  first  maxima at 0.037 arcsec

@ Braccwe]l (a) 2s 1)1
* 4-e]ement OAS1{S (b) 75 m

1 . . . - ” . 4 ~ ~~

,:na~”-”-~N
11 t,.C.

~
g .5 IJ 4 Ill ,31cscc

-7

1 1 _J-.. .J . ...1 ..[. -L.  I l . -  .1 [ –-1 -J

-0.06 -0.04 -0.02 0 0.02 0.04 0,06
alc<cc

— — ——— — . — - — .——— ———

1 IXNI ‘S ‘1’hc Space lnfratd lnkrfcro]netcl  ●  1  )9
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e ‘J’hink of ii as a long and a shor[ llracewell\-
interferomcter  superposed and with opposite phases.
At the common central dark frinse,  the amplitudes
both pass through zero, but  with equal  and opposite
gradients. The summed  gradient is then also zero

I Oases I I-,

L ,

0 5
s l’oinling  Angle

.—— — —.———————

_... -. —-—.  —

Other Requirements for IJeep  Null
Maintain Starlight hTull at -l O-G

e Can such mathematically per feet  cancel] at ion of
the star be realized in vraciice? l’kl:,lpk’  C)<!,  a!’e{!<, nt foldlm;

l’alh  delay w o n ’ t  work
Onc soluiion i s  polariz,atio]l  rc)tation I<” M”)

@ lntcrfcrin?,  wavcfmni  phases
must match to M600()  (-1.5 nm) FO j+}

~ lntcrfcring wave front [\
.-LL..

amplitudes Inus{ match -10s —.
~ Amplitude and especially phase lusidc a sin@c-nlodc  fibcl

there is o~]ly  .aInplituclecontrol arc made pcrssiblc with the and phase. The shape of
use of a single  mode spatial filler tile }Vavcfroxll (fror]l
such as a single mode fiber impclfccl c~piics) is icx[.

+ l>afhlength  can be controlled to nm precision using laser
m e t r o l o g y  as in ground-based  interferometry
s!)<::! ?!,,1 c ,>!<,.:l,>, Im?

—. .— —.. —-. —
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Taking Advantage of llecp Null

ExNI’S lnfrard lnterfemmdcr
IIlustrativc  Concept

+ I]ui]cls on the OASltS  concept
0 4-clcnlent linear  inlcrfcromctw
* 1 .$m aperlu~es ,.. +

w@&~ 75-nl baseline -<
+ Science  capability

* image planetary systcnls
1013 pc

* Spectroscopic slocly of planets

e

0

--—

I’otcntial  for other astronomical obscl vations
lmprovc  suppression of em-zodiacal emission
zodiacal pho[on noise

and local

—

]{xN])S T h e  Space lnfrarect  lnterfcmmcter  ● 1 )-11
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lixh~l’S  lnfrarecl interferometer IIlustrativc  Concept
lmagc l{econstruction of ] 1 ypothetica] Planets

* Sjgna]s rccorclcd at 30 pm with Space  lnfrarcd
lntcrfmomeier  for 1(1 hours -- -—--- -

./// m A/ -VA* Modulation patterns
dcpenci cm radius and k ; ‘v )qk ~~k f  & ~

Q (c) is sum of planets a ‘1 “c ./\ ) r L m /’-\ r’Lf’L  }L:’u
through d, all four same ~ ~iJ;L/(LKA)#Ll;J;.l(LLL  /LY
bri~h{ness  as l~arth

0 (f) ShOWS (C) + ])h OtOJl c’ .!?’‘\pv~’\”pLA;J~’Lft’~\/”~L6/
noise,  calculated for

&

cxo-7odiacal  cloLlcl of
salnc character as t~ f ~\/\,/!l/~p\j/i/l,//~/~/ fli
solar system’s

- . _____ .“’” .W’~’ . . .,, ..,,’
0 IT 2n.1 c ?~.

I\m[)ll I{o[alio]l allglc
pla[lchry  SySi~JIII  ~ c1

———.  ——.  -.— _—_—_—-. ——— .. —... --. —- ——— —- —. ———. —— . .. —. —..

. . . .. —.- .. ———. ——— ——— ——— —- .—-— —— -—.----———— .——.. ——— ——— —— .-- —-—- -—- -—-

l{xNI’S lnfrarecl lnterfcromckr  Illustrative ~onccpi
lmagc I>mmnvolution

@ IIata  set – intensity vs rotation for 10 bands, 7–17  pm
plus random noise

~ Method -- cross correlate ihe clata  11 with the signals
T’ for a source  at each image  pixel. 20 modulation
fitted and removed frc)m  simulated data to minimize
zodiacal  cloud signal

Q ln[cgra]  over wavclcn~,lh  is
equivalent to actctins ctiffcrcnt
baselines – po]ychromatic  image
has full UV Plane cc~vcr

;((I, P) = >;~ 2,(,, {)(a,[,])  ~(m,[),~,,~f))

:1,,:. ! :)>><{ \\,>O!f, 19.,:>

— — .  — — - .

—. ——. ——.—- .. —.-— ..—. — .—— —__—  — ._. ..-.. —- _—. .—. -.. —... —.— —_____
l;xrQI’s ‘1’lIc Space lnfrarcci lntcrfcmlnctcr  ● 1 )-1?
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ExNI’S  infrared interferometer illustrative Concept
Nojs~  and Smsitivity of llcconvolvcxl image

@ ~().]lo~lr  integration

4 X 1.5-nl clmncnts
Model system at 14 pc, TCsoluticln 0.01 5“
image doubling from symmelry,  rcmcwable by slighi  of fscl
and longer integrations
lnnm radius limit is 0.06 arcscc for 7.5-nl  baseline

G2 habitab]c  zone (1 AU) lcsolvablc  to 15 pc
1<2  l~al>ital>lc  zone (0.5 All) rcsolval~le  to Y.5 pc

KxNI’S  ]nfrarecl  lnterfmmmctcr  II]ustrative  Concept
S~)~ctrosCo~3i  c l’mfomlal~ce

SiSnal-to-noise set by aperture and zodiacal  cloud
strength for lhrlh twin at 13 pc

~ CQ clctecticm  (50) -3 week
● 0~ and Ilz[)  detection (E@ -[) weeks

Assumes
e ~oo~, overall quantum

efficiency

1-:

4 Iixo-z.odiacal  cloud is 1
like solar system

~ Sensitivity limited
by noise from
cxo-zoctiacal cloucl ‘ : “ ‘0 ‘; “ “ “ “ “–:’-

w>v.lcr>~,  !h,  Pm

~ 4 x I.$m clcmenis

—— -— —.. ———.  —

—. —.— —. —..
]ixhll’s The Space IItfrarcd ITltmfe]-omctcr  ●  1  )-13
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$ Uses 2-ciinlcnsional  citcula~ arf’ay with multiple  ~pcTILITc  10

obtain ctecp interference IIUII
,.’  .

I; XN1’S ‘1’1)(’ S}m’ II)fl  al-d IIltc’lfc’roll”lc’tcr  ●  1  ) 14
10/?()/’9:)
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lixNJ’S

— ——— .—— ————  .. ——————

Unanswered Scientific Ques{icms

Are planets common around stars? “1’he fur[hcr  wc
have to look, the bigger  {he instrument wc will ncml
);rightness  of 10 pm zodiacal cloud of candidate stars

If -solar, 4 clement inlcrferonletc~  n~ay suffice
If several times solar, more elements ancl/ol diffemni
configurations should be consictcrecl
If baselines bcconle  excessive, separated spaccclafl
architecture could bc considered
lf cloud -100 iimcs bri~h{cl-,  OIIIY inicrfcromcters  with verv-
larSc filled apcr[L~re  caii sL]ppIcs2 phc)ton noise

l>istance from sun to get 300-folcl  reduction in local
x,odiacal I>ackground - 3 AU?  or 5 AIJ?

_—— .—. —— ..- ——— —— —.. -_.. -—______

—

—

.—.. ——— ———. —.— —. .- ———  — .—. ——. -—. —. .- —-—--  .—— .—--— ——— —— .—— —. —.

]<c’y Technology ~W2~S

* IixN]’S ]Ilterfcrollleter  requires variety of advallCed
technologies

m

e

e

0

0

e

e

I arge dc}>lc~y:llllclerectal>lr stt L[cturcs
lightwci@t spacecraft with solar-clc’c[ric propulsion for 3-5
AU operation
Ac(ivcly conhollcd,  stable strLlci L~res
lnterfcrometric  mctro]c)gy and beam combination
lntcrfcrometric  nullins
l’assive  cooling to 35 K
VCry ]ow. noise infrared dc[~c[o~s

+ A~ressive  tec]lno]o~~  deve]opmmt p r o g r a m  reqUireC]

a <’combination of groL1ncl  and space tcstbcds

---- .—-_—.  —. ——-— —-—— —=—- .——.——.-..—-.——..————.———  .. ____

—-————--—————-——.  . . . . . .. ———. .——. —. ——— —.— —_ -— .-. —_—.

I
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I
I
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Conclusions

+ Ii solar systcm is typical, we know how to build  a
system to search 1013 pc (nearest 1000 stars)

+ IIwestjgated  how to image  extra solar planets
* ~J)C configuration has been studied thus far
e O(hCJ-  interferometer configurations should be studied

@ Approach is l>e]ieve~ to bcI resilient to anticipated
variety of solar systems ancl  exo-zocliacal cloucls

@ As more is learned about the nature  of exo-z,ocliacal
disks, the interferometer concept should  be refined

e No show stoppers antjcipatccl
@ NCJ nlaj~r  technology breakthroughs required
@ in nex{ 5 years

~ I>cvclop optimum designs and technology for different
lcvc]s  of scnsivity

e I;ind OLJt how typical we arc

———..—— .—— ———... -—— — .—. .. —___ ..— .. —-

.—— —————— .. ——. —— .~- ———. —-. —....

——————--..—. .. ———.. ——— ——. - .. —. —.. ——. —_— ———

—.. ———... ——.. — ——— ______ _____ —-
T h e  S~mcc  ]nfrarcct  lntcrfcrolnctcr  ● 1 )-1;7
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‘1’echno]ogy Challengc5

——

—.—-——— ———————. —

— —.——.———— —-—...——  .. —.— ——

Space  11{-l~lterferolllcter TechnO1ogy

@ IkN1’S is “twhno]ogy  rich”
‘J Advances staie-of-the-ar[  across a broad front of space

technologies
Q U’ithin ou~ near term reach (5-Io years)

@ Will ca~iialize on existing programs, sllcll as
~ Space lnfrarcrl Telescope l:acility (S1 1<”1’1’)  fol low

temperature tcchno]ogy
v Astromctric 1 ntcrfcrometc~  hflission (Al M) for

interferometer technology
Q New Millennium for spacccraf( technology
* NIASA Solar-electric l’cch]]ology  Application Readiness

(N S”J’AR) fo~ ~11 O]> Ll]SiOIl tcchno]ogy

~ II) aclcliiion, dedica ted  tml~no]ogy developmm{s ancl
fligl~t experiments will be needed

— — - — _ - -  — — _ —  — _ _ _

I,XTQ1’S ‘recl)llology  Clmll(’ngcs  ●  [:-1
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[~orc ‘1 ‘cchnologi es

“,-— -...
“k +, ~ ~.

.. ..l-p.
h)‘@*.., k::.-, ---

hlekwr,g
st,,l  CtLll V

1

Sc)cnc< FOC<lI  I’1’lltc

- —  — . . . — — . .  —  - -  . — _ .  . _ _ -  _ _ _ _ _ — .  . .  — _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _

. — —  _ _ _ _ _ _ _ _ _ _ _— .  — — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . .  _ _ _ _ _ _ _  _ _ _  ,____ _ _ _ _ _

Active  Optics Achieves Needed Precision
Underlying Metering Structure Need  Not be l’recise

t’ositioiml i’rcci’, ion
100 n,

.; :

:: 10”’
.! & ~,,,,>=’ii;>”l’
c%  ,n, ll<!,> 1 ,”,.. 1011,

~j ,,,,, ~ @;j;>  ;:y’”

,. — ’ . ! –,. I’,IloIIIor  tcstbccl  o})tical
. . . v., m“, C,,, clclaylil,c

I%eci.  ion

,-.  l.,
,: ;

‘ n ’ ’ ” ’ ’ r ’ ’ ’ ’ ’ i s’ ’ ”  G!’5”1”7
2:

.;$ ~ln,
c1 .

-j:

e’~3  ‘01[<  ‘

“i””]’” [ 6Y$3  1“’”,  --
Stc{.ri  r,:  ]nirror uwd  011

~>.. < ,,s>..,  ,.,., 1 I ubblc  Space  “1 CkSCO~CS
1%,<>.,”.

L- 7

Cnnvcntional  approach used  on gmufld  anrl space  intcr(cromc{crs
.

.  — _________ —— . — _ .  . —  — _ _. — — .  — .  — _ _ _ . — . .  — _ _ _
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Metering Siructurc

* l)eplojTablc rq>~im (already flown in space)
30 n} Space Station scSNImIt clcplc}yntcot accuracy of -1 mn~

@ inflatable option (offers better  packap, ins cfficimcy)
30 m strut clcplc~ymenl accuracy of - 10 cnl
Needs “rigidir.ab]e” materials technology clrn’elopmcnt

Q “SOIOC assembly required” optiorl
Astronauts have assrmb]crl 14-JN truss s[n]cturm to -1 mm

Ik’ploy?ble  (i !lsl \’ra.!).
I low  n 011 space  Shuitlc’  s-f S-16

Ill flatabl(’.  111 bc fl[)tvll  011
INS’] [1’  c\pcTilllclll

A<!ronaut  holdinc  assctnhlcd,.
I!ll$%at  Cltd of shLlt  Llc’lr  J1l

—— ——. —

—— ——.-——.——— .——. —-—. .——.. .

Vibration Isolation and Structural Quieting
1 ~ecouplc  Spacecraft l)isturbances  frcm CJptical ~’rain

Rcac{icm wheel and solar  array disturbances from
spacecraft can be isolated  from optical train

Key technologies have been
delnonsiratcti  at room tempcrafurc

* Mulli-axis  vibration isolation
* Active  ancl passive  strLlcLLllal  t{anlping

IIcmonstration  a{ 35K needed

.,,., ,., ,,. , !.,”,.,!,,,.,,,,,., “o  ,,”,  (.’,,,,.

,.,
,..

-— .——. —. —— -_ .._. —_ —.. —--
1 ;XN1 ‘s Tccllnolo:y  (’IKIIICII:C’S  ●  11-3
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Beam Conirol  and Nulling

Q laboratory breadboard has demonstrated nul]ing at 30-3
~ h~u]l in:, al 10 “could  bc dcmonst [a ted in 2 years

@ Reqtlirecl  picometm laser metrology is currently
available

Q l{equiremmi is 10-30 picomctcrs
~ Slate of the art is <1 picomctm
~ Requires flight qualification

+ Spatia]  mode filler  for 10-~nl bancl
al selection and nlan L~facturc  required (no show slo]>pels)

,
2 ~

.: ~
?0
Ij

/-’”,/  ~
: -1

.2 ./

.3
,234 Sc

,,”(,.,,  d  .,,,. (..,)

i >iitill$  lawI ]ncirolo:y  pcI[cIr  II IaIIcc

1
I
1
I
1
1
I
1
I
I
I
I
I
I
I
I
I
I
I

—....————.———.———..—— ——— —. ——. —-.

Cryogenic Optics

+ Cryogenic (-351<) telescopes
@ State of the art is 0.85 n~, cliff tacticm  limitccl  at 6 pm (S1l{-l’l:)
o I<cqui:emcnt is 1.5 m, Cliff  laction  limit  ccl  at 2 pm
* Beryllium and Silicon Carbide  offer attractive options

0.S.5 m Bcrylliunl  miIIOr  (In fl<arcd 0.(,5 III  rc,)ction  bonded  Silicon  C arbidc  x!)il  [or
1 CkSCO}lC  ~ cchm,loSy  ~ CTtbl’d) (l)dck  surface show[i)

1.Rcawmablc cx[cnsim  of S11{7 I
tccl~no]ogy for I:crylliunl  and Silicoli

Calbiric  lfi[hin 5 ycam.
— .J

. . .-. ——— — . ———  ———  ——. — . .  ————-—..-— — . .

— ——. —.— .. ——— —.. —. . . .. —.— — .—. ——— — .—. .——
I; XIN1’S ‘1’cchllok)gy  C1EI11C118CS  ● i i - 4
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Science  I;ocal Plane

~ 7-17 nlm dctcclor  noise  requirements

<2 C-/St’C  Clark,  <8 C- read noise

* I)elrx(Or  Opliorls

Scllidstatc  ~>llotc,-Illul[  illlier(SS1’jM)
[) ffcrszcro  rcaclrl{,isc  (~lllol(,ll  cc,llrltilts)

lix[c]lsicJ]l  of SII{T’I:  Si:f\sa  I!ays Solid slate ~)llol{~-]liulti~>licr
- Noiscl  Oxtoo high tm[  arr<>ys

Q~laI~t,I]llWelll]lfrared
l’hotcdc+ectcm  (QWJI])

~. - --- -y $-w~~.,.? ~“
:r, ,,

CaI1o}~c[atc  >loK,n[,iscl  O(lxtrJohigh  ,  ,,K, ,, ,,

~ C’rycr-coolin S options
[s

, :/.; .Jj,, r, ~ ,,,

Sc)rption  coc)lel (I OK clcmo SOOII)
‘$%#&.:, “$y<;~~

,.. -:: .-:-,:2 ,o.. ~f,, g ,, . 2, ,,, ,-:.. j.,. Nl[l  ~it,ra[i[)ll or store’ci CIYogCIl .
- Stored clyoge]t  (USC S11{”1  1; tecllllolo~y) 1(1~ so]  f,[io]l cuOlc  I

McchanicaI  coole~s  (avzilablc  > 30K)
(corr,  prcssur  s}IO*,n)

r—....—-————. ._ —-_—_— ..__ .“1 12chnology  i!lvcstnlc]lt  is rcquilcd  to irl)pl{)vc  dark count by I(IA ill  5 years
—. . .  ——— .  .  .  —. — . . ..— -.—I

_—— _ _ _

_ _ _ _ _ _  _ _ _ _  —— .__ . . .  —_ —________ ——

Advanced Solar  Ucctric Propulsion (SE]’)

~ Enables new  family  of l;larlll-~lc’l~ tls-~~el~lls  gravity
assist trajectories F,r.1  v., >...

C,r,mk  .,,,.,

@ NIS’1’AI<  is demonstrating capability

q>

,! 2.0,
‘w”cmdvm”.

C,r.,,,lf  A,,,., !

o 0 . 1  N  thrust  engine J ,,,,,,,, ‘,,,,,,,  ‘ “4’
o 3360  sec specific impu]sc

<

c.. ,,> ~,w ~

o Kcquircs  8 kW power
L

. . cm, ,

Avai lable  i]~ needed
/

pc)rlion  of new  t r a j e c t o r y  ,,,,
3“ d !y w; m, SD,.  m,.$,  D.,!

+“/
. 4 AL)

~ .N

\,,*,

lnllll-\)CI!US-\  ’L,llUS  gr,lvi{y  assisl  tl<ljcck,ry
dc,livc,  rs 170(1 k~,  10”5 AU in 4 years  usin~,

NSf AK 30 ml Xc engine Atlas  IIA lfiunch  ~,chiclc.  AV  : 4.3 knl/s

—.——— —

‘J’c’chllo]ogy  C’halkvlgp  ●  1,-:1
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O ~J~j]i~,e  exjstjllq  missions as much as pmsiblc  tO
clmlOnsirate  {&hnology

@ Sll{’l’l:  (Space infrared Telesccrpc I:acility)
Crycrgcnic  Ielcscopc  (51{)

l’assive  ccmlin~  (501< at 1 AIJ)
Q l!nhanced  A I M  (As[rornelric  ln{erfcromctc~ h4ission)

I}elnonstlation  of k e y  iecll]iolo~,ics  (at an]bieltt  tco]pcrature)
Ihployable s[l-uctu]e  (--20 nlckrs)
last stccrir]~  xllir]or  and optical riclay  line nlccllfi]tisllts
- Optical nulling

In{e~latio]]  of tcchnc)lo~ies into  a w o r k i n g  space
interferometer

* hlcw  N4illrmniun~
low mass spacecraft tecl~I~ologics

~ hTS”I’AR  (h’ASA Solar lilecttic  ‘1’cchncrlogy Applica[ic)n
Readiness)

0 . 1  h’ [llrL]stXciollellgiItc

. .. ——— —— ——-—. _. —— -—-—_ .—— —-. —— .—. -.. —.— —— -._. .—— —-— —..———

@ Augment as needed with clcdicatecl ground and space
experiments

* Ground-based clmncrnstration
Cryogenic nlechanis]ns

Focal  plane detectors and  cryocoolrr

Systc[]l inle~ration  aI1cl  o}>cratiorl  (usiIi~  testllccls  a]]ct  tlierl]]al-
vacuum chambers)

~ $i~>ace-  based  clmnonstra  iion

- Ileploymcni  and  microdyllamics  c,f mr+ejin~  structure (OW
lascl  mc!rolofy for mcasuicnlent)  ill colcl e]tvixonnlcnl

—.—. ———- . .—— —. ——— ——— ———— ———  —— --— . —.—

. .——
“1 ‘i’chncrkrgy  Chal  lengcs  ●  11-8

10/20/95

1
I
I
I
I
I
I
I
1
I
I
I
I
I
I
I
I
I



-— —-—

— ——— ——- _- —_______  ._

l<ey Trade ISSUCS

1 ktcctm Opcrating  temperatuw  vs. cryocooler
performance can have a large  impact on the  mission
design and the need  for stored  cryogen

A trade  exists  between deployable or space  erectable
metering  structures, If astronauts arc used, ihen a
low thrust propulsion system is required  10 lift the
interferometer from 1 ow earth  orbit

A trade exists between sky covcvage,  mission
duration, and the eccentricity of the orbit.  A Jupiter
flyby may enhance sky coverage by raisislg
perihe]  ion of the orbit

Strength of cxo-zodiacal  clrives baseline length and
syst~m a~c]li{ecill~e. l<equirecl  resolution could
require separated spacecraft

——— ——-—.  — —..—.-——————  .- ———  —— ___

—--————— _. —.__— — .—.. —. ——.-.—.———.

Assessment

All key technologies required could  bc in hand in 5
to 10 years with continued vigorous technology
investment

~ lnfrarccl  detector t e c h n o l o g y  musl b e  a g g r e s s i v e l y  supported

hTASA shoulcl  continue to invest in breakthrough
technologies that could  radically enhance the mission
or significantly reduce the cost

~ large  fillccl alwrlure  optics (-50 m cliarnc[cr)

~ lli S1l-tllrust  solar electric propulsion to enable  fli:,ht  from
low cal-[h orbit

—————————  .—— ——— ———— —.—
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Grouncl-Basd l{lement

.— - ——- —————

S72T3T3

.—— —. ——..  .——-.  —— . . ——_. - - - -  .—. ——. _—— ——-—  —

— — — . — — — — . — . . — — —  —  .  . .  — — — .  — — —  — — - .  . . _

GOals ancl  {)bjectivcs
.

~’ Science goal: near-term d;scovery of planetary
systems

Q Are planets common throu[; hout the galaxy?
- Whicl] are most comxi~on: ]upitcrs, Ilranus’, Karlhs
- ~~llat  a]c tile sizes  and sl]apcs  {,1 [heir orbits?

I’,’haf  types of Stals  h a v e  plmc’ls?

‘+ ~urvcy  the cxo-7,0clj~c~l  inicnsity  ar017ncl  n e a r b y  s{ars

(in cOnjunciiOn  with S]1<3 1:)
c lmpacls  desi:,  n of Space 11{ 1 nicrfcromeicr

~ AdvaTIce interferomctric techniques wiill new
technc}]ogies and observat ions

~’ }>r~vj~~e  a collijllllolls S{ream of d i s c o v e r i e s

Q .Staziin  S nc)w!

__ .—. _.. _ ---- _____________

.———.
l:xl-xl’s SII])})ortin:; (; IoIInci  -Ihsd l’rogra]ns  ●  1-1
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Understanding l’lanetary  ~ystcms

. .. ————

plane[s  frOnl the  :mund

%lllC’ of wh~t ‘]’~]’s S~W 2_IS fir@hasF sj>acc
programs call now  be clone from the ground

[... . . . . . . . -_.._ ___ . . ..__

.—.. . . . . . .. —. —.. .—. —.. ——— —___ . .—. ——. —__.. . . . _____

0.5 ]upiter-mass  planet  fOLInc?  Orbiiing

5] PC: (G sh”) (le[Obcr 1995
. . .— .

.— .—. ———. ..-.  ———-. —.—  .—_. — .__. ..___ —___ _______

Typical Mass Sensitivity

Radial \’clocilics

Astrumchy:
O,K’  10-m 1 Cicscopc

1’.3101,  mr7cs[l,cil
lntcrfk>mn>cler
New  lntcrfcromctcr

Micrt,lcI,sin&

AO/tJolloon/lISla

Sp2rc 11<  lntcrl’morx)ctrra
L

I “-- 1 -
, - - - - -

-T--

❑

L.! I ! ..!J

——  .._— —
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3’ypical Orllita] Scmsitivity
,.- V

I{adial  Vclo.itics
A’. t!onwlry

OIIC 1[)-111 1 clc$.  cqx’

r- ~~

,-
l’alolllarlcstl,d
lntcrferomctcr

Ncw  lntcrfcromctcr r  —-l

hficro]cnsing ~1

A[)/llalloo]d}lSl

SpJcc 11{  In(crfcromclcr  —

Ju,it!-  fr,, + Njtun.  1“ 0

+~”  .

\JCIILIS

I arllt 11,,,,,,,.

orbit,ll  l{acliu<  (AU)

L  1 l<(.cf,zccd  Se,t.  ili,it)

——— — — .  — . — .  —  .  .  -—————

Numbe~  0~ Stars ~carcheci
4 -...-. .%

11 I I
I{adi  Jl \rcloci[ics

1000.
Astron!etry:

C)nc  IO-m Tclcscopc -40

l’alonmr  1 cs!bccf
IIlterfcromctcr = 60

New lntcrfcromctcr r 500

Microlcr)  singa
3500

AC) - 3 0

1; ’31100[) - 7 0

11s’1 — 10LI
Sp.3cc  II{ lr)tcrfcromcterl’ i 2$0

1 I
0 100 500 1000

. 1 ff, cic(,  cy dcpc!,  d. 0,,  ~,1.lllct  m.,.  - l% for.  .rll,  u)>..,  IS% forjupit.  t r,,...

hl,cr,blcr>.irbgalc),!c  U,C.  d,~t.jnl  bl.?r..

h Ir,cIu  <I.. Sl>CCIr..mr>y  o(  cIctc<tc<I  ~Ia,,c  I.
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Accuracy of Narrow-A~~glc Astromdry

10,000 !-—- “’

lN41t  Grl  A1lOt UlME  = 1 HOUR

3.000

1,000 ~
:)
,1
m
V 300
.
.3
0 hIOcJct  VAIUES

SIFING:  l,z-1

:-
0
0 30

%
.!

10 ,’ .-
REsULTS FF<OM  Ttl  E h! ARK Ill

,’ .,.,,.. ,., BASE LINI : 12., SCA1FLI1O

3 ...  ” ,..,  ” > HOUR lldlt  C.FIA1  ION
,, ..” ,, .,’

... ”
1 . : ’ . I 1- 1. i ..1 . ..-  J....3..J  .–._A . . . .
?3 10 30 100  300 I,oou 3 , 0 0 0  1 0 ,  W4

sEPARA11ON (ARC SEC)

1
I>iffclcntial  acctIIacy  p~oporlic)l~al  10 ‘—-

3~,l. _———
Jj)cl[ll  Ic se~)ar<]  [io]l

I !,,:)  ~1,,1,)  2!.’  t t.:,::.,  :, ~

_—— -

—— ——-— — . . .  —. ——.  -—-- . ..— ——

Single  Apertur: Astmmetry

~ Current accuracy  with a O.76-In  telescope is 3000  pas
per  nigh{

“ Aclvmbgm [)f’ a ]ar~c’ k]escc)pc

~ .Aimmphcric  noise  bcttvccn [a]<,ct and mfcrcwce  dx[)ps

o ML)IC  reference siai-s with sufficicn~ photon flux within each
ficlcl

o ]Mc)rc ]cfcrencc  siars  arc nearer the  [alget  siar

G l)ml  Onstratcct 200 ~[as at l’alcJJ1]at 5m

~’ Keck telescope  (90 ILaS accuracy) could  measure 50
nearby  siars  (M% M stars) to defect Uranus-mass
planets  in !kyear  orbiis

— — —..————. .. —... -.. .— .. ———.  ——.  ———

]:,~~l)s S u p p o r t i n g  (;rc)uncl  -l\asccl  l)rc):rams  ● 1;-5
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Palomar Testbcd  lntcrfcmmetcw First Fringes
(a Cyglli - 24 )Uly 1995)

.- -

1,?(K) - , [’l’ 10

1 ,()[)[1

f~-..f~:

—..—
8 ~

S()[I :,-—
w,c,
: 6[)[)

k

J {. G,
r, 4 :

4[)[) e: “ ..-.’::,
?(K)

0

‘1 1!11(,  Il)\c’c

2 hc vcl.[ical scale  sho!vs  photoII~  I)CI 2.5 mwc time-bin vs time.  1 hc
]]~oclolatiml  of fhe photon flux is dIIC to z path  length n]c)ciulation  of
7 Irave  p-p io 10 msec f~om  a piwoclect~ic  ciriveo  mirwr

—- —— .——_——

. .. —..  -—— —...——.— — .

New Astromctric Interferometer

Q AI1 in{erferometcr, witl~  fou~  2-m telescopes on
orthogonal 300-m  baselines, will improve accuracy

~ ~~ LI~$/}11 if atll]osp]lerj~  tl[ri>ll]c’tlce CX[ra~>O]~[CS  tc) l(j~-]tl

G 5 yas/hr if tLIIbulence  weakens ,  as  su~gm[cfi by boih KCCk
and early  Hl measurements

+ l,arser apcrtums + 90% d tarsds have a refcrencc’
slam (only 1 O% for IV’] 0.4-m aperiures)

~) A possib]c science program:
~ Search  500 siars  (5–30 pas) for Uranus-mass planets  at >5 AU

60% M sLa Is; 4[1%  II, C;, K slars

1 hour in fcgra[iol],  4 timc+wal

‘1’clescope  time  sets ]inlit of 500 siaIs

c Ikicc[ some planets OJl  12-yea  T orbits  in <6 yca~-s

Q Replaces  bOth sin:,lc  apcrkule  and 1>-1’1  astromet]y

.——  —— —— .- ———  - —— .—. —

———  ——. ..— .- —— . . — -— . .
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.tron,  ctric

)

. 1 .,,,1,..>,,..  pi,,,  rl t lALI

– c  - — . . . 1!,,,  ,,,,..,,,.,..  p!.,,,,  , k 5 Al

/-- -

>~ -]

1,,,1 ,1,,,,,, -.
7..11  >(’<1

mt(,,fcrol,iclcr S,ty.,lc
‘1 .Ic. c< bpc.

‘ . . .

,, lLLI ,,1,,1
‘“ 0.1 t] 10 q 100 1,000

[ arlh Llr., t,u.

A.kon, ctric  Accur  a<),  p,?.

—.— —. ———  ——.. . .. —.-. -—. —— .

Radial Velocities

43 [;oa]:  Survey 1000 IIc~~1137 stars fox ]upiter-mass planets
0 Wcncl early  astrrrmetr’y tc)  10X nun}bcr  of sLaT>
@ Check astromct]ic  rlctcct ion  of ]upilc]-n lass })lancts

Yastcst  for bri~ht (l;,[; ) stars, slower on faint (IN3) stars  and
independent of distance

Current  surveys: .5-30  m/s on 30 st:irs; no ~u~>iter-mass
]>lanc{s detected in 7 years
Scnsiiivity

* I,ons t e r m  acmr~cy cic]lloilstr.7tccl  (<4 111/s)

@ Short terin  precisiorl  clclllolt  Stratcci  (-3111/s)

* Sfcllar  noise  limit not  yet cletcctccl  (]nay  bc 1-S IIds)

A possible science  ?woSram
* % r~ights/yr  oI~ Kcck (ct]ha]tccd  1111{  11 S); 190 M allrl K stars

~ 100% c)f 2ol tclcscopc’  for 800 ncarcsl (bri Silt)  F, (;, I< SL3XS
~ “J cchnc)]ogy  cIcvc]rtpnlclit  to acl~ic\rc  <1 r)ds accoracy

——.—. — .—. . .. —-.
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Radial  Velocity IIc{cc[ion of A Planet
~“tv

~ MayOr and QuelOz (C; cncva  Observat0r}7)  found
radinl vrlocify signature  of plane[  around  53 P e gr  a
nearby G star (-33 pc away)

‘t Kesult  confirmed by Marcy  and }~ui]cr (1 lick
observatory)

6 lnfend properties of planet
~ -0.5 ]upitcr  mass
e 4.2 day ori>ital pcrid

o -f).05  ALI {Jrbii  (inside hfielcul”y  ’S ol”bit!)

~ T)istancc  from star implies 1 30[1  K SLllf~C(’ tcmpc]-ature

~ IIirect detection of this hoi planet  may be possible
lvit]l l’alomar  ‘1 estbefi  lnterferomeier  at 2\[m

———— — . . ——.  .—. .- —._——

.—. —. —— .— ..— ——— —.—— —

lletmtjm~  Of a Planet  Orbiting 51 Peg
t---

51 Peg Marcy & Rutlcr

-k J

..— ~v—-  - - - - - - -  -. -—,.. , . , ~ ,  .7--.–.7 ,TT.7  ,

60 j

, 2 -

40

I

\

-. 2Dq 1
&. .

..~.  . ~
~
~

-20

1

●

-40
+

-60
P= 4.15 day
K=53nL/s  -

,LLLA, ,,, I ‘,, !4’ -,!!., ,,, ,1.,.,1,  , ,1,,.,,1, J!)

2 3 4 5 6
Jul ian Day  (-2450000j

_- ——_— .— _ —  - _ -—

.—--—  ———.. ——— ————.——— —..——..——— .—
]; XNJ’S stl~>])c)r[ill~  [;]OII]ICI -l\n SCC1 l’]-()~rallls  ●  ];-9
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‘ A n  ohsclv,ationa]  t,rogr,lm  1(, CICICCI a!icl  study hlassivc C’cIIIIpac[  }Ialo Objec[s
(MAclIO)

..-.

Microlcnsing By Star With l’lanct

r’”< /St,,, 1..,,.  St.,,  and rl.,,ct
1-7 k~,C fro,,, >“,1

s,, ,,

F ‘- -’k’”

, Ilanrl

.—.. -—. ———. —. ————. —- ————--——  ——. —

4

-=-c s,,,,

I
h

I{xNIJ’s Su}-)pc)l’[in:  (;roL]l\cj -I;ascd l’rogralns ●  }-10
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‘1’lle[)~efiCal  MOCICI of 1,ms Star Amplificatio]l
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1

A Possible Microlensing Observing Program

~ ~! J----- ..  -..1  _ l- n,. . . . . . . . . . . . . . . . . . . . .

<,

J  JIIUU ~Jcil L ULJ3UI  Vl! l:> }JJU:&ldlll

1. Survey 3Ei millionbulgc  stars C\/cry felv  ni:hts  w i t h
southern 2-m telescope and CCI)S across  2 clcgicc  field
(mpcct 350 lmc’s/yI”)

2. Measure bri:h{ncss  of lcnscd  stars to l%, every 1-3 hours,
expect 70 stars lcnscd  at ally  instant

3. lntcnsivc  mcasurcmcnts  of events ~vhici]  deviate f~om
smooth, si rl:,lc  leIls CLII  \’cs

Results of simulated 30 yr [)bsm’in~  program

———.————  .—. . . -————..——.—. __ —————.-.—. ---- . . . ..—. ..— —.. .—..
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Direct I>etection:  CJround-Based Adaptive Optics

6

6

Principle of AO
c AO servo  sys[cm  corrcc[s

~vavefmrli  abel-ration  of hl-i:,h
sfars  and any pldnck  in
sur~ot[nclin:  field

c AO has  achieved ciiffraci ion
]i~,,i[ of <().2”  01} 3-111 tCICSC()~)cs

l’roblem: Astronomical AO
with .-300 actuators does not
suppress star halo sufficiently
for planet detection

Solution: Fine  scale (5 cm)
correction at I\iSll speed
(2 Idlz) reduces star halo  by
3 00X. Requires briglli siars

.— —

-.

—

. .—. —.. ——- .——... —

~.—— —————— ————_-— — -. —.. .—
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Program fOT 1 levc’1 oplmmt,  sur\’cy and
I;oIIow LJp

cxposIIrc  with  6.5-m
telcscopc’ of a Solal”
systcnl-twin  at 8 pc.
]Lpitcv  stands out,  55
above  the n o i s e

backgrouncl,  a[

2 “o’clock” posiiio]}
and 0.6 arcscc fIoIn [hc
(blockeci)  Cc[)tr’al  star.

! ,,,,  ,:$, ,,: 1,1  .,, ,({ $,,, ,,L! , ,, ],1 l:>

——-——
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]Ilus{rativc 1 ,arge Te]cscope l’rogram
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C%arles  IIeichman

J d Propulsion 1 ,abcmtory

—— —. ————..  ———-—  -— ___

?-

—. —-—.. —. —.. .— .. ————-—

__ —-_  ——.  ——.. — .—_—. —-_ —- —___ —_— —_—

lkNJ’S Nccxls Supporti]lg  Space Missions

@ ~ea~ l~~m (10 years) missions will lay scientific and
tecllnica]  foundation for the l+kNI’S interferometer

O ~;]~aractpriz,atjoll  of exo-mdiacal  CIUSf  CIOUCIS

~ lso/sl  Itl’J~
e I+m-7ocliacal mapper

c o m p l e m e n t s  g l c ) u n c l - b a s e d  inlcrfcromc[m

* Ilubblc Space “1’clcsccJJ>c/lIallcIo]l  coronagraph

+ Astrometric cletection of planets

e Space mission (AIM) confirms and extends ground-based
results to below Uranus mass

~ Ilixect detection of giant planets

o IIubb]c Space “1’e]esco]>c/kJal]cJoII  corrmagraph
complements grcmnd-based Aclap[ive optics

—. ——.

——.—-———— ..— — ——.——..———  .. ——_— _— ——.. —
I; XNJ’S Su],lwrtiTl~  Space  Missicuis  ●  C,-1
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l~xN1’S Nem-ls Supporting Space Missions
(C’ont’d)

@ ~]~aracteriza{ioll  Crf our zodiacal CIUSt CIOUCl

~ Z,cdiacal  brightness at 3-5 ALI dic[atcs  lixN1’S cr~bil
~ Understand anisotropim  in zodiacal  cloud

o Nlission  at 3-5 AU to test clcep space {cchniques

@ Science missions clcmonslrate  crifical technologies
0 ~’ryogcnic optics (S11<3’1’)

~ l’assive cooling tcj 35 K al 3-5 AU (S1l{”l’l;)
* ]nterferml~dr~  and nullins (AIM)
G l]eplo~able structures (Al M)

————

——— —.. ——— .. —.. ———. .—.

~llaraderizatim Of Exo-Zdiacal
Dust clouds

+ ]< IIOW7]CdgC of exo-y,ocliacal  emission critical

~ Ilxo-z.ocliacal  emission makes  photon noise
-  IInpacts tclcscc)pe c o l l e c t i n g  alea

6 llxo-7ocliacal  emission swamps  planei sis, nal
Impack intcrfcrcm~etel-  basclilte

● lko-zocliacal  structures masquerade as planets
lmpacls i]ltrrferometcr  baseline

_—— .-. —.. -- ——.  —.— ———. -—. ———_—. —— ..-. . ———. —--. —- ——— —-.. . . . . . . . . . . .

-——————
space h4issio I\s ●  (;-?
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Characterization of llxo-Zocliacal
l]LISt [;]OUdS (HNlt’d)

+ ] )jstjIlq~~jsh twc) typc_s [)f Cxo-?odiacal  C]OUd S.
@ OUler (Kuiper-bcl[) Cloucl

VcSa, ~ l’ictc,ris  disks discovclccl by I1{AS

- 20?L of lnain  scqucllcc  stals
1{>50  AU, ‘J <1001<
- Optical clcptl],  7 -103tc,  10;

4 ]nner  C’]oucl
Only ~ Picloris disk IIleasurcd f~om ground

1{<50 AU, 1>200 K
Optical depth, T -10 -3 (101  twi+(m  illan  ou~ sc)la~ system!)

Slla]}>  discc}IltiIlllity  l>ctlvccll  i~ll!el  and C)utct  cloud

- C’on\ctary dust spcrtrwm
+ ‘I~eOIY  ]jllks  jnner  ancl  ~~lt~~  CIC)Ud  S

* Is inner cloud  cleamcl  by planc[s?
e }Jow does  ma[erial  of c}utct cloucl  fccci  innc~ cloud?

..- -.—— —.———— —————  . —  _ _ _ _ _ _

l>isk Optical Ilepth:
Solar System with ~ l’ictoris Jump

,.. (+. -- ----
! h +

1000
‘“-”””  ‘–-]nner 1 )isk-” ‘“ (h]ter I)isk ‘-~

~

j

‘Iemp
u

c:,
~,
r, G

F~
,..7- - . . -. 100 &

c;
“k

~ .,,1--...1
L,

‘d

,..8-, I -+-l  }11111  I 11}1+11}1 I-ttllll ](J

1 10 1 0 0 1 0 0 0

l~iStallCT  from star, ALI

-- . . ..————-———-. —— -.—. —



Optical l~epth of Outer  Ilisks
(from 1 I{ AS)

.

What 1S0 and SlllTl; Can 110

lSO/SIRl’l;  will probe colcl, outer disks
1S0  will reach 30-IOOX  solar system dust level

SIRTI; may reach solar  system dust leve]
~ Belier  resolution than 1S0
@ Much bct[er  dc[cctcns (40 pm llllk, 60 pnl arrays )
~ {’ritical  spectroscopic information

S1l{’l’l; will survey nearby  stars  to solar system levels
(>50 AU)
SI1<TI; cmllcl search for outer p]ancts  of nearest stars

2-5 Jupiter mass planets olbiiins >20 Al-1 of sia~- within  5 pc
SIR’I’J; could detect free-flyins, young ~upite~s to 200 pc

—.—..-—.———.—..———-—- _——. ———. —...

-. . .—... .-- —-. — . ---------- -—--  ——— -—-— - __— —

[

I
I
I
I
I
I
I
I
I
I
I
I
I
I
1
f
I
I



—.... — — .—

Detection of }!xo”-Zociiacal Emission
Sll{Tl~ a{ 60pn1 (10 pc, 1 sun=]  )

{ -

~04-
,,+ ~ic

>./’ “ - ”  -- - - -

: ] f)? -. ___ .yya->.-,
1~ ,o1--

-. T

%--”-

“ - . .  <  _ _ _  - - - - - - - -

\C.-. ,.
>,..+J
.

‘$:?eL??s
10 100 1000

R (AU)
——. . Statb]igllt!im$  in focal plauc
—  Scnsi!ivity  af[cr star  subtraction

—

-——-..——— .- ————-_——__—__—— ——

What  Sll{TJ;  and 1S0 Won’t 110

+ l’mbjn% l}lc i]IYlcr zodiacal clouds is cliff  icu]t  fc)r
small t~lcscopes

o StellaI diffraction c)bsco I-es disks
* can’t probe within  10-30 AU of sta~

@ ]So Wjl] {l. ]i~~]c ~11 elllissic)ll froJ1l  jTlller ~jsks

0 Small ctctcclm arlays with nlally anomalies
o May study closest stars with most massive disks (~ l’ic)

~ s]]~~’~~  Wjl] do ~letter 011 illller disks, ll~~t rcso]~ltjoll

cllallcmgml
~ Stody  dC)WIl to IOOX Solal- system dust ]CVCI
~ Simple  coronagraph cc) Lllc{ help Ieject  stellar li@lt

~ q’lleory pills observations of massive, closest disks
will  IIelp ex~rapolafion

——.

1 IxN1 ‘S Suppcwting Space  Missions ● (;-5
10/?()/’95
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“1’echnologica] Rmcfits of SIRTF
.

~ IA2mcmstration of Iligh performance $200 pm arrays.
@ ],ig]~[wcig]lt, l-m class optics

e I)jffrac(ion limitcct >6 pm
@ Radiativcly  cooled optics and structures
@ ~~~p]oits adva]ltagcs (engineering and operations) of

llelioccntrjc  orbit
~ “l; aster, better, cl~eapel “ reduces cosf by X4

~ IJmnonstraie  ncw  ways of cioinp,  business

Q ]l~~por[ai~t  prec~lrso]  for Space ]]< ll~terfcromcter

——— -— —————....—..—..-————

]’r~lli~~g  tl~c l]~~lm Xmliacal  (~loud

@ Need to measure Z- IO-3 (~ l’ic) to 30’7 (solar system)
~ ‘1’-200-300 K, 1{-1-50  AU

e ~ ,argc grolt)lcl-l>ase~  te lescopes  (]<ecl<, Gemini, ~M’~’)

● C’ould map disks 10 IOOX solaT sys[em dust level

@ Grouncl-based  in ter ferometers
* Qm]cl sludy systems  with solar system clust levels

* I,lIT,  2- I<ccks  opcrat  ins, as 10 pm llullill~,  interfcmmctcx

o Tko-zodiacal  mapper
@ Could map inner 1-5 AU to 0.01-1 solar systcm dust levels
o ‘J ~,o 0.5-m mirrom  scpar’atcd  by 2(I meters  Opmalins, as

nulling  interferometer
* I;U1l  y cryogenic sysicm in J 11;0/1 -2 orl~it
* Best test c)f science and technology of Iix NIJ)S

_-.. —___ -— ——-—-.
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Detection of llxo-Zociiacal  Nmission
Grouncl-Basfd lntmfcrmneter’”  at 3 Opm (1 O pc,l  ,sun=l  )

- [ - - - - - ~

,.s - -
--–.-JQ”:

~06- —> -— . . . .
&w, “W.. _ __---->1 ~ofl. \\ ---&.,
x

:’02” :+::y:yqq%sclliti.ril:cc1 1- --
z 0.01 Solar SysleIII - - - .  =

- - - -

~ 0-2- StaE. --- -_—

7

I

,04- +——4  4 l--+  : ltl- —!’  I I 1111
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l)ctection of Exe-Zodiacal ]hission
lixo-Zodiacal  Mapper at 10L[IN (10 pc, Lsun=-1)
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Role of Space Astrometry  in IixN1’S
(Cent’d)

ic accuracy and the detection of planets

Baseline (nl)
Accuracy (pas)

#l liarths

#/ Uranus’

2 6 2(I 60

2 0.6 0.2 0.06

- 5 ..25 -100 -1500

1800 3500’ 3500~ ~~oo%.

—-——— _——. — ..———.——.—..—.——.——-.—.-————  -——— -— —.

—— —————. ———. —.. ———  —-— — ..— —
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Astromctric lntm-fcmmetric  Mission (Al M)

~ AIM presently planned  for w’icle-fie]ci  2-5 pas
astrometry

4 AIM will  con fiTm ancl extend ~,mund-based astronle try
● Mcasum  sLlb-LJral}Lls-l~lasscs  with 5-10  year  lifetime

~ Mi~,l~t measure 1-5 nealby  stars for l[alths
@ Could ctetccl 1000’s  of planets

- If systems arc common: {axolmny
- If systems rare: good  boullcls

If systems vcTy rare:  valid  nesative  result

Q Al TV will demonstrate space interfcvometry
a Precision s(ruciurcs
Q Vibration isc)lation

* I ,ascr  metrology, etc.

—_—— .

— ——. .

Astrometric  lntcrferometric Mission (AIM)
(Cent’d)

Q l)l)gra~e~ AIM could survey for ]iarth-mass  wTobbles

* 10-100  improvement over Al M, < 0.5 pas
- Could  clctccl  10’s c~f  Ilarlh-mass  planets

o I’roblems  include “star noise”
Stochastic differences betwccw  centers of li~,ht slid mass.

lor Sun, noise is <1% of ]upitcy  sigllatulc.
Power spectrum of sta3  noise will help  ullravcl  si~nals

e c:oul~  have  strong  technical linkage to SpaCQ 11{
lnterfcromcter

e llcployecl  structu Tc
* NL1l]ing  systcm

—— ——.

I’XNI’S
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Mapping Our Own Zodiacal  Ilust Cloud

Q ~~]a~ system  z,odiacal emission critical for l;kN1’S
e ,~’c)],t~;l,~,~es  ~ojsc
Q 10 pm zodiacal  cmissio]i  drops by x33  al 3 ALI,  xl M) at 5 AU

~ 1.5-m  telescope at 5 AIJ is equivalent (O 6-111 telmmpe  at  1 AU

+ C. C)131i, IRAS mappd ~,odiacal cloud frmn 1 AU
Q Moclels not sensitive to dcnsi[y falloff  beyond a few AU

Ii]ightl\css at 3--5  All not accurately kl~cnvn
@ Anisotropics  (I-IO%) sug$estecl  by IRAS, C[)I; I’, <;alileo

- Could ]msqucracte  as planet WIICII  SCCTI  froln afal!

~ lncwpensive  mission (<$50  M) could  travel beyond
3 AI] for in-situ measurements

.—.. — .——.  . ..—. .—. ——_—--—. —— —____

.—. .. —- —- —.. —-— ——. .- —. .-—..-. ..-. —.— .—. —. ———. .——. —. —.. -—_ —__. ———

Modeled Solar System Zodiacal Brightness

1g “4
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<
v. .+..C!. .>,.-. :v,Go. .G, . . 1

1 -
0 0..5 1 1.5

l,<>:; (WavL,lcll~[ll), pTn
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Visible 1 ,ight Gmmagraphs

~ }] SI’corc]xlagra~Jl~  rcq Llircsso~lllisti CatcCl o~~tical
s)~ste]l~

FJ Cot]lcl detect 10-100 ) upi{ms, imase  debris  disks
. .-  ~~p~)dl~.ln~,  pupll  S{0},,  Sp]lcrica]  abcr~alioll  corlcc[ioli

40x40  element defonmblc  Trlirlol  (snla]l  stroke)
IIigll  s p a t i a l  frcqucvlcy  wavcflo]lt  curIcc[ioll

Q Astrophysics po[cntial
QSCI  hc,sf g a l a x i e s ,  }~]otostcllai  disks (ncal-11{  ca~>al>ility)

~ (’hall  cnging  schcciulc fo]- 2002 1 ,aunch
~ Nlecd to plan Announccmcnt  of Oppor[unity  NT(IMT
G T’cst of NIASA con~n~itn~mt to ncw ways of doinp, business

.——... —— —-———.——-—.———

——-. —

Visible 1 .ighl Cl)ronagraphs
Ilircct lmagin~ Using 11S”1’
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/- I

. ,,,  >,,1 ,.,  ,,, ,1,
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1 0 ”  “ - ” ’ ’ t ’ ”  -“.:,::?S%5,,,,)9

sun
-, >, 1 ‘x“’”or ‘i-,..<<. .w

Sun \

]ul)iter  X]()< !
.-.

s 10’0
:0,

‘{.

_& %, 1
u JuPtM  * \,&.p=
& 10:’ . .2%P< . . ..&t.  . 9.>
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10“7
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lo”’<~ + ]upiter  and the  Sun at 5pc distance
o (W.<ecwld.  ) \

,,-” \
/’ \ ~ )upitcr:  m,== 28

i

,,, ,1, ,!,-.
“, 0 - “-V  =<..-. . . . ~< .-..: 1

* 10%  optical bandwidth: 47.50-5250A-..:.., P> ,,g+ ,0 Sm .< +- 007:  )J4R + Basccl  on photon statistics only,
[U WII’C clctection  would take 39 ctays!. JuPlti  -  + ~“’\
<),

u /’, ;~ ,0
+ Adaptive Optics comnagraph  cany 105 - , > , . . ..  f’.  k] fi4. \p, ,-. ,

v ., suppress starlight and ctctect;->“ ,!–, l, ,, ,– .—.. )upi[cm around ncams[  stars in a
05 10

0 (ZNG+  wind.) f cw hours

_—. —___ ..- ———. —
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Visible Light Gmmagraphs (ccmt’d)

e Balloon telescope offers  alternative  approach
0 op[imiz,ed  1 .5-m off-axis telescope  with corona~raph

SIO~v, hig}l fi]lcssc  Acla}>[ivc  Op[ics  aIIcl/oI scatterin~

cmupcnsa[ion

* 16 hrmrs/s[ar  10 m e a s u r e  up to 70  stars

~ long duration ballooll  flights to 30-40 km
* l;ack-up  if 11 S”1’ Calln[){ be ready ill time

Q Tecl~JIology Clemonstration for precision wavefront
control

@ Key icchnolo~y  for large visible ighi  tc]escopes

I;XNI’S Su~qmr[illS  Space h4issions  ●  [;-1’2
10/?()/95



Road Map and
Summary of IIiscovcrics

Charles lilachi

Jet Propulsion 1 abora{ory
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Tf2chnology  Road Map

[2!::1
ll)lvrfcr(bn, ctcrlS[3vc{  r(,rr)ctcr

‘:ff- i_&:~

1),<,,  s,,,,,.  I<lc’.t”p. Sp:,li .,1 it, tcrfcnottw!  r,, l)~,l:>lbli<  bcla,s,  i,,r  0[
l,tr~c (>51)IoJ  1,,,  <,,8,  i,,

1,.,..  i,,  .()”l  !,,: tu (XIK \ull Ir,;  lcclmxmi<)t$c.

[r>(>:l’lttc  td,.c$,pe

1,,1,, [,,1!,,,  <1,, (1,! 1)

+ + + +

Slf:l I >’!l\l (,8 ‘!,<  ’1,,1),,! ,\. Al,,,,,!,,\  I ., ,:, ,
I . . . .
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Differeni Methcds of Planet  Claractmization

@ @~ @

{

I,alon, ar
I(adinl  Velocity —— m I Ncw  Intcrfcrontclcr

Ground
A\trontctry

44
I“dircct

h$<crc,lc!,.  ir,~
(Sl<,lisl,  c,ll  I]ctcclion,)

{

A Cl
C;rour, d
l)irccl MI1OO,1 “1 Clc.cope —

{

7,,1 20 ,,)

space AIhl
44

Ir, dirccl
L-

{
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SPJC.’
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I,XIN1’S

B

— ——— _——. —____

Ilxo-zodiaca]  (;}laracierizaticm

inner Cloud
<1 ALI

Middle  Cloud
5 AU

Outer  Cloud
>lOAU

I

100 x 10x lx

Solar System  Solar Sy5tenl Solar  Syslcm

.. —.—. . . . . -——————

——— ————.. .——. —. —..

Scmc l<ey Decision Points

I f after 5 years of ground observation no convincing
examples  of planetary systems are detected, then a
photometric occultation- mission might be considered
as a new element in the road map
If exo-zocliacal  light in neighboring systems is far
larger  than our own, then the Space 11<
lntcrfcrometcr  design will require signifieani change
(spectral coverage, baseline, aperture size)

A better understanding of our own zodiacal  light will
have a measurable impact on the Space 11{
interferometer mission clesign (orbit, aperture  size)

—. ——... —— . . . —

—.——.————...——  .. —- —-——— —
The ]had Ma}, ant] SLlllllllaL’~  of 1 liscoIc’~ ics  ●  } l-~
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@ I%asc 1: Ground Raswl and l’mcursor Space IVlission
Are plane[s  common occormrrces  in the  Salax~r?  }Iow
abtlndant  are  Jupif Cr-c] ass versus A1eplun e-class versus

I{ar[h-class plancls?

-  Microlcnsing
Are ]Llpiter-class  c)~ hleptune-cl~ss  ~~laT~cts  common arou]]ci
slals  near  the  sun?

C;round-baseci  (A[),  ladial velocity, ast[onlctr},);  AILI
What is [he  stlcng[h  of the zodiacal qlarc in others  systems?
1s it rclatccl  to the  presence or iypc o’f planetary syslcm?

ISC)lSllU1’liSroLIIld  interfcrome[er
I low does our own zodiacal glare  fall off with clis[ancc fmm
the son? 1 low far must we go to move out of the infrared
~,larc?

Zodiacal  ]llissio~l/ll~odelil~S
What is the  mass of plallc[s  around  neighbc)ring  stars?

AI Ml(;round  obscrvatiolts

Iliscovery/l<llowledge Time]inc

@ I%asc  11: Space  11{ Interferometer
I)oes the  star  possess planets  in the habitable zone?

Infrared intcrfcro]ncte]

IIow many stars in the  solar neighborhood possess l)lane[s,
and what sorts of orbits arc they in?

lnfralcd  intctfcrometm

Iloes the planet  possess an a[mosphele?
:.:

11{ i]l[erferollletcr  spectroscopy of Calboll  clioxiclc~:.
IS the planet potentially capable of sopJ~crr[ing life?

- I R interferometer spect roscc)py of water
Arc there photosynthetic forms of life widespread on {he
planet?

11{ interferometer spectroscopy c}f cwonc (late]  ntcthanc  by
hi~h-rcsololion  spcclroscopy)

v

lixN1’s



Discovery/Knowledge Timelinc (cent’cl) I

@ Phase 111: ljong I’crm 1 loliz,on
Whai  is the sim of the planet? 1 JOCS the planet have mocms?

lew-pixel inlaginS

IS the surface mostly  land, liquicl  water,  or ice?
-  Mulli-pixr]  imaSing

1

I

I

I

1 ,xT-Q]  ‘s The  Road h4ap anti Summary  of 1 )isco\cries  ● 1-1-7
10/20/95”



implications of the lixploration of
Neighboring l’]anetary Systems

Alan ] hx?ss]cr

Carnegje observatory -- ]’asaclcma

— . —..—.—..—.—.

1

— — . —

— —————— ——

The 11ST & 13eycmd Gm~n~ittce

~ C%arterecl  by AUI<A and the Space Telescope
lnstitLlte Council {0 consider possib]e  successors to
the ]Iubble  Space Telescope

@ ~’wo key scjentjfic  goals for space astronomy in the
comin$  decades:

~ (1) the direct study of the birth and cvc]lution of galaxies like
the Milky VVay

e (2) {he detection of E,arlh-like plancls  and the search for
evidence of life on thcm

+ Recommendations to hTASA:
0 I;xtend the life of the IIubb]c  Space 3“clcscope bcyonct 200.5
0 I)cvelop  and construct a coo]cd space observatory with 4-I

meter  aperture,  o}~timizecl for wavelengths 1-5 microns

* l)cvelop  the capability for space interferomctry

..—— ——————— ._— — ——. —

—.
l:xN1’S

—
Implications of tlw I;x])loratioli of IQcightmlins l’]anetary Systems ● 1-1

1[)/20/’%
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‘l-he lilt  Ure

@ Spaccin{erferometry:
0 h4icmarcscconcl astr-ometric  observations for fundamell[al

distances to stars within our Salaxy and its nei~hbors
0 imaging with milliarcscconcl  resolution fm the slucly of

quasars, stellar surfaces, exotic systems like SS443,  stclla~
population in nearby  ~alaxics...

+ ‘1’he legacy. of IixNI)S:
6 An cxtmdccl  search fo] more l’arihs!
Q iIighcr  spectlal  resolution studies of the atmospheres of the

~)laneIs  in the habitable zone --- cxplorins [he conditions for
life

~ }ligh-resolution pictures of lhT [h-like  plane  is, showin~,
tO~lC)~raphy a n d  atl)l[)S})hC1’iC fC’atLlrC%

Q interstellar probes  sent to our mos[ captivatin~,  neigh  bc)rs

—- —— .—— . . . .— —.. .—— .-. . . .—

.__- _—--—  ——— — .—
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Ckmclusions and
l{ecomm end ati OIls

Charles  lilachi

J ei l’repulsion 1,abora{ory

———

-——. ——— -- ———

.— .—— —_— ——. —

Conc]u si ons

@ 3 “he ex~>loration and characterization of neighboring
planetary systems including ]iarth-like planets is
feasible and within our ex~wctecl technological
capability in the next decade. ~’here are no
technological “show sto]>}wrs”, but there are
significant engineering challcn~cs

0 An aggressive grollnd-based observation Prosranl.
wi]] allow the detection of }~l~~itcr/Satllrll/LJrallLls-
size Planets and is expected to provide statistics for
]larth-size ~llancts

* Planned space missions will allow characterization of
disk properties (SII<’J’F) and provide inclircct
detection of large Planets (AIIVI)

.— — — _—-— _—— _—— __
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Conclusions (cent’d)

l’]annecl  missions and labmaiory  testbeds  could
demonstrate the vast majority of the key technologies
for the needed infrarccl space intcrfmonlcicr/
spectrometer

An infrared space il~tcrfcr~}ll~ctcr/s~~  ectron~ctcr  will. .
provide

0 1 )irect  observation (family porlrait) of the nci Shboring  150-
200 planetary systems

~ Spcc[ral  charactcri7,ation of individual planets

~ Capability to search fm ha bilal)lc  (I;arth-]ike?)  planets

—--————-—

——-- —.- —-— .-—. .—. — . —. — . . .. ——— —— —----- .—

+ ]nitiate  a focllsed  and aggressive ground-based
program

* lxploit  ~rcall~  increased potential flom glound
- New generation of large  apertore  telescopes
- New methods tc}  beat at(nosplleric  Clistc)rtion  (direct in~aginS

and  astlonletry)
. New II,et]lod  for indirect dclcclion  (Inicrolcnsing)

* C~apitali~.  c cm iNASA invest  yncnt in Kcck, I’alomal
interferometer and ll{’I’J:

~ Hxploi{ ncw techniques with common grm]nri/space
lcchnolrrgy component

l)irec[ imaging technology (Adaptive Optics, lktlloon
telescope, 11S1 corona~raph)
1 ,ong baseline interferc,mettic  astromctry (1’aloll~al  testbecl,
advanced intcrfcromctm)
long  baseline, large-a pcrtorc  illterfcrometric  imagin~ for
choractcri7ing  inner xclcliacal  CICIUCIS

— —— —.—.———..—.--—.—— ——.. — —. ———. -—-—
l,xNI’S Rcccmmlc]  ldat  icu w  ● ] - 2
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@ ]]~i~i~tc a focused and aggressive grouncl-basecl
p r o g r a m  (lmnt’d)

$ SLlpport  new 2-]n class tclcscc)pcs (nlicrolcnsinSr  radial
velocity)

~ I)cfinc ctcsircd configuration of }lS’J coronagraph

O I encourage competition and innovation in all aspcck
- I\road oppo]tunitics,  peer revic~v
LJtiliz.e othcl,  grou  IIcl faci l i t ies  if {Ilcy ~]rovidc  uIlique

capabilities or alc cost effective

Q I{nhancc ongoing Ori<qirls  pm~,!an]
- Support broad-based rcsearcl]  crrvcring  othe]  parts of the

spcclra (nlillilltete~, Stll>]tlilli]]lct(.r,  ctc.)

- SLlpport  nlodelill~ and lab efforts tcj  provide better  insi~ht  ii]
interpreting obscrvatiolu]  data

.— - -—— —.— ———

initiate concept studies for Space interferometer to
specifically identify needed technological/
cngineeri Jlg development

● involve universities and industry

conduct an aggressive technology dcwclopment
program

● I:orm an ovcmi Shi panel of tecl~l~ol cjgists/ellgir  ~ccrs to
rcgular]y  review technology activity

o Expand participation of university cslinclustry  in J1’1/AIASA
intcl-fcromctry  technology

* l)efinc  and conduct needed  technology development

C’onducf technology flighi  mission to characterize
full-size metering structure in space
]nvest  in new  breakthrollgh technologies that mighi
enable  different measurement iechni ques

—. ——————

—— ——
],XTNI’S l<cC(mlIncncl at ions ● ]-3
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Draft l{eco~~~l~~e~~dati[]l~s to NASA (cent’cl)

+ Cbncluc[ phase A/l; for AIM with specific Iixh~lJS
tmllno]ogy needs incorporated for pJlase C/1~ in 2000
and launc}l in 2003

@ Ilcvclop  an intmyatcd liXNI’S/AI M/~t CJSt-ll  Sri’ s[ratcgy
for the next  decide

~ J;orm an intcgralerl S W G
0 (“ordinate teclIIlolo~y  development with 11 S’1” I; OIIOW-CIJI needs

~ Acquire needed data from near  term missions
~ lsO/sll{l’}J

@ ] >efi~~e  J ]S’1’  corona  graph

Q I]evelop  strategy for outreachr  education, and
workshops on public interest

@ kkplore  international ]Jar[nership
* ]Iorizon  2000 plus (I ISA), l{uss; a, ]apan
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